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RECENT OZONOLYSIS STUDIES
Reported by A. C. Button February lS, 1963
The ozonolysis of multiple bonds in organic compounds is a well known and widely
investigated reaction and has been reviewed, most recently in 1958, by Bailey (l).
Since then a great deal of new work has broadened the scope of the reaction and has
led to a better understanding of its mechanism and of the ways in which the various
reaction products ar±se{H3 } VVj-
Froduct
s
.
-
- When a double bond is ozonized, the products vary greatly with solvent,
temperature, and the nature of the olefin. Generally, in an unreactive solvent such
as pentane, ether, carbon tetrachloride or ethyl acetate, an ozonide (like II) is
formed as the first isolable product. This ozonide can be readily decomposed either
by oxidizing agents to yield carboxylic acids or by reducing agents to yield aldehydes.
Thus, oleic acid ( i) yields pelargonic acid (ill) and azelaic acid ( IV") as products of
oxidative ozonolysis (2), whereas the corresponding aldehydes result from reductive
cleavage of the ozonide ( j)
.
>0
CH3(CH2 ) 7CH=CH(CH2 ) 7COOH -^-> CH3(CH2 ) 7CH CH(CH2 ) 7C00H >V/
II
0-0
CH3(CH2 ) 7C00H
III
+ H00C(CH2 ) 7C00H
IV
In reactive solvents such as methanol or acetic acid no ozonide can be isolated.
Instead, hydroperoxides (V) and ketones or aldehydes are the products. The hydroper-
oxides and aldehydes can be readily oxidized to the same carboxylic acids as would be
obtained from oxidative workup after ozonolysis in inert solvents (l).
H
I
0=CR'RCH=CHR
CHoOH
H
I
R-C-00H +
0CH
:
V
It has been observed that with highly substituted olefins no ozonides are produced,
even in inert solvents. Thus, tetraphenylethylene yielded only benzophenone and per-
oxides (h) . Exceptions to this behavior are observed, though, when at least one sub-
stituent is electron withdrawing. Ketozonides were obtained recently from methyl 2,3-di-
methyl-2-butenoate (Vl) as well as from cis - and trans -2
,
3-dimethyl-l , 4-dibromo-2 -butenes
("VII and VIII, respectively) and from trimethylacrolein ( IX) and mesityl oxide (X) ( 5) •
CH3\ /"CH3
b-c
CH3/ ^C02CH3
VI
BrCH2^
c=c"
CH3 CH3
VII
.2a.
CH2Br n
°3_
CH3^^0- .'CH<
CH, 0-0^ N:opch2un3
BrCH2^ •Ov ^CH2Br
X< C
CH3 T>-0 ^CH3
4- O3
BrCH2^ /CH3
^C=C
CH3 XH2Br
+ VIII
BrCH2 >0v ^CH3
„>\ „/cvCH
CH 3vs
^
^/CH3
CH3 XHO
IX
°2
CH3v
^
/K
C=a
Ctf ^
-CH>

-d.-
The fact that the ozonides from IX and X were identical provides evidence for cleav-
age of the double bond during ozonide formation, with recombination of the fragments,
one of which contains a carbonyl group.
Both VII and VIII yielded similar mixtures of the liquid cis ozonide and the solid
trans ozonide, which is added evidence for cleavage of the double bond and recombina-
tion of the fragments to form the ozonide.
Ozonides or hydroperoxides, ketones and aldehydes are the expected or normal pro-
ducts of ozonolysis, but they are by no means the only products obtained. Generally
some side products, or "abnormal" ozonolysis products occur. For example, when oleic
acid was ozonized in methylene chloride and the intermediates were decomposed in oxygen
at 95° the acids (70$ yield) were accompanied by a 30$ yield of esters. It was pro-
posed that the esters resulted from a molecular rearrangement of the ozonide (6, 7)
•
/°\ 8CH3(CH2 ) TCH CH-(CH2 ) 7C00H \T^2> - C0/-> CH3(CH2) 6CH2-0-C(CH2 ) 7C00H
•0-0
Another side product which has been observed from olefins is about 20 percent of form-
aldehyde, for which no satisfactory explanation has yet been given (8).
Alkanes can be formed to the extent of 10 to 15 percent of the total product by free
radical decomposition and recombination of the ozonide, initiated by peroxides which
are also observed as side products in reaction mixtures (9). An example is 1-dodecene:
CH3( CH2 J qCH2-CH
CH3(CH2)i8CH3
/H ,0
CH3 ( CH2 ) 8CH2C^ > CH3 ( CH2 ) 8CH2C- + RH
I
+ CH3( CH2 ) 8CH3
+
CH3( CH2 J 7CH=CH2
CH3(CH2 ) 8CH2 - + CO
Vapor phase reactions yield more complex product mixtures than do reactions in sol-
vents. For example, the vapor phase ozonolysis of 2, 3-dimethyl -2 -butene (Xl) yielded
acetone (19$), formic acid (4$), methanol, formaldehyde (5$), carbon dioxide (6$),
acetic acid (8/0), other acids and esters (10).
( CH3 ) 2C=C( CH3 ) a
XI
Mechanism . A. Product Studies . --To explain observations such as those mentioned above,
a mechanism for the ozonolysis reaction was first proposed by Staudinger (ll), and later
refined by Criegee (12). This mechanism has been accepted by reviews (l) and has been
used as the guide to the interpretation of most of the results in the recent literature.
According to the Criegee mechanism the olefin (XII) is first attacked by ozone, yield-
ing an intermediate molozonide (XIIl), whose structure he left uncertain. This unstable
intermediate rapidly rearranges by way of XIV to the "Criegee zwitterion" (XVI) and a
ketone (XV) .
At this point solvent is proposed to influence the course of the reaction. In an
"inert" solvent the zwitterion and ketone can recombine to form the ozonide (XVIl) or
polymeric ozonides, the zwitterion can rearrange to yield some of the observed side pro-
ducts, or it can add to itself to give dimeric peroxides (XVIIl) or polymeric peroxides.
On the other hand a "reactive" solvent such as methanol or acetic acid reacts with
the zwitterion to produce a methoxy-_pr acetoxy-hydroperoxide (XIX).Q
RpC
/v3
XIII
R2C =CR 2
XII
XV + XVI
|H G
j-reactive solvent
XG
XIX
\
0-0
RoC-
D®
-» R'pC=0
Rp-C^ X-R'
XIV XV
3 + polymeric ozonides
XVII
polymeric
peroxides, R2C\ ^CR2 ,0-0^
XVIII
©
R2C-0-0
XVI
rearranged products
(esters, etc.)
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Recently, a molozonide (XXI) or "primary ozonide" has "been isolated as a crystal-
line solid for the first time by Criegee and Schroder ( 13) • It precipitated during
the ozonolysis of trans -di-t-butylethylene (XX) in pentane at -75° and on warming
above this temperature was converted to the liquid "secondary" ozonide (XXIl) which
is the form normally observed and isolated.
(CH3 ) 3(X /H (CH3 ) 3Cx/03 /H (CH3 ) 3C X /0-(\ /H
J>C > /—^C > X /CvH^ ^C(CH3 ) 3 H ^C(CH3 ) 3 H Nr XC(CH3 )
XX XXI XXII
Criegee ' s molozonide was shown to be different from XXII in several ways. First,
the rearrangement from the molozonide to XXII was accompanied by a heat of reaction of
37 to 39 kcal. per mole, which suggested an oxidation reaction, presumably the oxida-
tion of the remaining carbon-carbon single bond of the molozonide.
The crystalline molozonide formed in the presence of methanol at -75° > whereas at
higher temperatures under the same conditions no secondary ozonide was formed, but
rather a hydroperoxide and an aldehyde.
The molozonide was insoluble in pentane at -75°
.>
hut when the mixture was warmed
XXI was thereby converted to the secondary ozonide XXII, and when the mixture was then
recooled to -75°
.>
"the secondary ozonide remained soluble.
The molozonide also was shown to be different from the zwitterion intermediate (XVl)
because it did not react with ethanol in an ether-ethanol solution in which it was
soluble at -75°- On warming it did react, presumably by breaking down into the zwit-
terion and an aldehyde.
Finally, reduction of the molozonide at -75° by sodium in liquid ammonia produced
the diol (XXIIl) showing that the carbon-carbon bond was still intact. Other reducing
agents such as sodium borohydride, hydrogen sulfide or lithium aluminum hydride failed
to yield the diol, but cleaved the molecule to form two molecules of neopentyl alcohol
(XXIV).
( CH3 ) 3C-CH—CH-C( CH3 ) 3 (CH3 ) 3C-CH2-OH
OH OH
XXIII XXIV
Two structures, a 1,2,3-trioxolane ring (XXV) and a four membered ring ( XXVI ) were
considered the most probable for the molozonide. Although the authors favored XXV
/0 V © ©
n
y
n
O—o—o
(CH3 ) 3C^\C _C^H (CHaJsC^Lj/H
H^ ^C(CH3 ) 3 EX XC(CH3 ) 3
XXV XXVI
they had no evidence to distinguish between the two possibilities. A series of re-
lated olefins, including the cis isomer of XX, failed to yield a crystalline molozonide.
To further clarify the nature of the initial attack by ozone on double bonds, un-
symmetrical derivatives of 1,2-dibenzoylethene have been used (14). The following pro-
ducts and yields were obtained on ozonolysis in methanol:
»° //
C=C. "3 > 0=C + 0-C-C-OOH + 0COOH\
tT
CH30H ~ -\H ~ia- NH
(
1
;H3
xxvii xxviii (57$) xxix (59/°) (33$)
CHs/=CNH O^ir Kc=0 + H00-C_C-^ + 0COOH
CH3
/ H
xxx xxxi (7^) xxxii (81$) (nio)

-h-
,0
C-0
H2N H
XXXIII
joe'
*-<°
r/c=oH2N'
xxxiv (88-95$)
o
/C-0
4- hydroperoxide +
(not isolated)
0=C
XXXV
( cis and
trans)
\
II
+ hydroperoxide
(not isolated)
+
XXXVI (25$)
0COOH
(78-81$)
0COOH
(95$)
The benzoic acid was the result of oxidation of the hydroperoxide and aldehyde
during the workup.
The products could best be explained in most cases by a mechanism which involves
the collapse of a five-membered ring intermediate ( XXXVIl). The inductive electron
releasing effect of the methyl group causes decomposition to occur in the direction
shown to yield the experimentally observed products.
-o-
V^>
,
II \^ / II0-C—CH-~C—C-j
CHc,
1 $I— CI-> 0-C-- H +
0-0
OC-
ClIr
It 2k2L>
XXXVIl
0CH3
0-C-C-OOH
CH3
XXIX
The electron withdrawing inductive effects of the methoxy and amino groups cause
decomposition of the ring intermediate in the opposite direction to yield the ob-
served products XXXI, XXXII and XXXIV.
The authors proposed an initial eiectrophilic attack on the carbon-carbon double
bond in protolytic solvents to produce a rt-complex with a subsequent electron shift
to the five-membered ring. In non-protolytic solvents a four-center ozone attack
might give the five-membered ring directly.
e„/
'0 to Y
^Lc
/
@>O-O + <
In reactive solvents, such as methanol, there seems to be little or no concerted
rearrangement to the ozonide, since the solvent rapidly attacks the five-membered ring
to yield the hydroperoxide and the aldehyde or ketone.
0^^0
^c -^—c;
e.
-> ^c=o
\
+
H CH3
H0-0^
CH3O
H + CH3
It was observed that cis- and trans -l,2-dibenzoylstyrene did not yield the products
that would be predicted by the above mechanism. To overcome the inconsistencies the
authors suggested that ozone attack was not the same in all cases, but that since ozone
is a highly energetic molecule, it can attack in different ways in different situations.
Alternatives to the above mentioned type of attack include: l) eiectrophilic attack on
a nucleophilic atom; 2) a four-center reaction on a carbon-carbon double bond; 3) nucle-
ophilic attack on an eiectrophilic atom and h) radical attack on certain saturated
groupings
.
B. Kinetic Studies .
--One kinetic study gives added evidence of an initial
eiectrophilic attack, at least on compounds of the type tested (15). When a
series of straight-chain and alkyl- substituted olefins, ranging from ethylene

5-
to hexene, was treated with ozone in the vapor phase at room temperature, the order of
increasing rate constants for ozonization, determined by competitive reactions, was the
same as for electrophilic attack on the olefins, although some irregularities were noted.
It was suggested that substituent groups might exert a screening or steric effect which
would tend to neutralize the favorable inductive effect, thus making the rate of reaction
lower than would be predicted for electrophilic attack. Such a proposal may be premature,
due to the lack of confirming evidence. The product mixtures from the vapor phase re-
actions were more complex than those from analogous reactions in solution ( l6)
.
The kinetics of ozonolysis of l-dodec<ine in carbon tetrachloride were investigated at
temperatures from -ko° to +12.5° (17) and the reaction rate was found to be essentially
temperature independent in that range. Also, the activation energy was very low, indi-
cating that reaction occurred almost with the first collision of ozone with the olefinic
site. The reaction rate was found to be zero order in olefin until near the end of the
reaction and was dependent only on the rate of ozone absorption from the gas stream. In
fact, since the rate of ozonization was faster than the rate of solution of ozone in the
solvent, the reaction was quasi heterogeneous; i,..e. , the ozone reacted while it was still
in the vapor state, in the gas bubbles, on contact with the olefin surrounding the bub-
bles.
In another investivation the effect of the chain length of some linear aliphatic ole-
fins was investigated in ozonolyses at -20° in carbon tetrachloride. The relative rates
of ozonolysis were found to decrease with increasing chain length in the range Cs to Cxs
(l8). A terminal double bond was ozonized faster than an internal double bond for ole-
fins of equal chain length. No explanation was offered for this result, which is contra-
dictory to what would be predicted for electrophilic attack, but it may be due to the
screening effect mentioned above.
Conjugated olefins absorbed ozone more slowly than analogous non-conjugated di- or
polyolefins, and only one bond of a conjugated system was attacked at a time, whereas
all double bonds in non-conjugated olefins were simultaneously susceptible to attack.
In the aromatic series, when polyalkyl benzenes were ozonized in carbon tetrachloride
at 25° it was found that the reaction was first order in both ozone and substituted ben-
zene (19)' The slow step occurred during the attack of the first ozone molecule. The
resulting intermediate, a diene, was much more susceptible to ozone attack than was the
starting material and rapidly absorbed two more moles of ozone to complete the reaction.
For methyl and ethyl substituents log k (rate) was proportional to the number of sub-
stituent s, the only exception being hexaethylbenzene.
The rate expression was given as follows, where n is the number of moles of ozone con-
sumed per mole of ArH.
-l/n d(Oft) = -d(ArH ) = k(ArH)(03 )
dt dt
Ozonolysis of Acetylenes. --When phenylacetylene or 1-phenylpropyne was ozonized in meth-
anol or ethanol at -65° a carbon-carbon single bond remained in the intermediate zwitter-
ion and in the hydroperoxide (20). Only one of the two possible isomeric hydroperoxides,
XXXVIII, was stable enough to be i solated> enough to account for 2jfo of the starting ma-
terial, so the composition of the mixture was estimated by decomposing the hydroperoxides
thermally to benzoic acid, formic acid, methyl benzoate and methyl formate.
Since the amounts of the decomposition
products accounted for 9C$ of the start-
ing material, and since the hydroperoxide
mixture yielded 85/0 of phenylglyoxal or
0.-J „_„„^"
3
/ ^,- /\ u l-phenyl-l,2-propanedione on reduction,
it was proposed that the other isomeric
hydroperoxide, XXXIX, was produced to the
extent of about 65$.
Although the four-membered ring inter-
mediate was discussed and was not excluded
as a possibility, the authors favored the
five-membered ring intermediate, XL, whose direction of decomposition would be controlled
by the resonance effect of the phenyl group to give predominantly XXXIX. The competing
inductive effect of the methyl substituent could account for the formation of the minor
product, XXXVIII.
* J I
fi-G=C-R
00H
R
OCH
XXXVIII (25$)
00H
I
OCH3
xxxix (65$)
-C00H +
0COOCH3
RCOOCH3
+
HC00H
+

5-C5C-R
-0
C-R a. CH3OH XXXIX
Ozonolysis of Polycyclic Aromatic Compounds. —A great deal of recent research has been
concerned with the ozonolysis of polycyclic aromatic molecules ( 21-3^1-) . It was found
that in all cases, unlike benzene, where all bonds are equivalent, certain bonds and atoms
were favored for attack. Molecular orbital calculations predict which bonds are the most
olefinic or electron rich and it is these bonds which are preferred for an electrophilic
attack by ozone.
Also, certain carbon atoms are more electron rich than others in the molecule and
these are favored for oxidative ozone attack leading to quinones. In many cases the lo-
cation is the same for the reactive bond and the reactive atoms. In naphthalene, for ex-
ample, the C-l, C-2 bond is predicted to be the most olefinic bond and the C-l and C-2
atoms the most reactive (21). This leaves two possibilities for ozone attack: l) as a
double bond reagent with a one step, four center attack on the most olefinic bond, or 2)
as an electrophilic reagent with a two step addition to the most reactive positions.
To distinguish between the above possibilities, several compounds were studied in which
the predicted most reactive bond was in a different location from the predicted most re-
active positions. In benz[a]anthracene ( XLI ) the 7 and 12 positions and the 5,6 bond
are predicted to be most reactive. When this compound was ozonized the product was mostly
the 7, 12 -dione (XLII ) plus some 1,2-anthraquinonedicarboxylic acid ( XLIII ) produced
on further ozonolysis of the dione. This indicated that ozone reacted via route 2 above.
In other cases,
however, the reactive
bond was attacked.
For example dibenz-
[a, j] anthracene
( XLIV ) yielded
42/o of 3-(o-carboxy-
phenyl) -2-phenan-
threnecarboxylic acidXLI
(XLV) and only 1<# of 7,l i+ -d:Lbenz ta jj Janthracenedione (XLVl). (22)
+
00H
C00H
XLVI
From comparison of various results such as those above, Moriconi and coworkers (23)
proposed that the initial attack would prefer the positions having the lowest ortho - or
para -quinone-hydroquinone oxidation-reduction potentials.
In one of the examples above, the redox potential for the 7,12-quinone of benz[a]an-
thracene is .353 volts and for the 5,6-quinone it is .380 volts (23). For other bonds and
positions on the molecule the potentials are higher. Ozonization should and does occur at
the 7,12-positions to yield the dione. On the other hand, the 5,6-quinone of dibenz[a,jj-
anthracene has a lower potential, . 405 volts, than does the 7,l4-quinone (.452 volts).
Attack in this case occurs predominantly at the 5>6 double bond (2k).
Intermediates XLVII and XLVI I I were proposed as the most probable primary ozonides, al-
though no evidence was offered which would favor them over five- or seven-membered rings
favored by other workers.
© H
o-o
XLVII
1,2 addition 1,4 addition
XLVI II
A transannular primary ozonide such as that postulated above was recently isolated
from the ozonolysis of 9,10-dimethylanthracene (XLIX) in methanol, or methylene chloride

-7-
afc -78 (35)- The structure of the primary ozonide was more consistent "by n.m.r. with L than
with LII since the proton peaks from both methyl groups were at the same position, 1
7.97. On warming to room temperature, rearrangement to LI occurred, as shown by the
changed n.m.r. spectrum which now had a methyl peak at t 8„33 an& a methyl peak at 1
6.32, plus the aromatic hydrogen peaks centered at t 2.48.
XLIX LII
Ozonolysis of Heterocyclic Systems . --When furan and methyl-substituted furans were
ozonized (36) a mixture of products resulted which was difficult to account for by assum-
ing attack only at the 2,3- and 4,5-bonds. Glyoxal and two formic acid molecules should
result from ozone attack of furan at these positions. From an ozone attack on the 3«^—
bond two molecules of glyoxal should result. The true mixture indicated that about 60
percent of the attack occurred at the 2,3- and 4, 5 -bonds and 4-0 percent occurred at the
3 /1 -bond.
In other investigations it was found that in benzofurans (L/il) the furan ring is at-
tacked preferentially, leaving the benzene ring intact ( 37_, 38) •
Nal
AcOH
LIII
Ozonolysis of pyrazole ( LIV) demonstrated that the carbon-carbon double bond is more
susceptible to ozone attack than is the carbon-nitrogen double bond (39)* When the ozordde,
IV. was hydrolyzed the products were glyoxal, carbon dioxide and hydrazine.
H
S*
iM
LIV
o-
crN\
1 N
I ?
H H LV
HpO HC—CH + CO; + HoMM-I;
Ozonolysis of the C=IJ Double Bond. —Although ozone attack on a carbon-nitrogen double
bond is more difficult than attack on a carbon-carbon double bond, several examples of
the former have recently been reported. In the attack of ozone on dimethyl ketazine (LVl)
the reaction yielded acetone, nitrogen and oxygen via a route proposed to be similar to
that for carbon-carbon bond ozonolysis (39)-
A different sequence of events
was suggested for the similar
ozonolysis of benzalazine
(LVII). It was suggested that
no four-membered ring interme-
diate formed, but rather that loss of oxygen followed the initial electrophilic attack on
C H-
C=N-N=C
CH-
_0s
CH<
CH-
:C=0 + N2 + 2
LVI
a nitrogen atom ( ko)
0-CH=N-N=CH0 -2a>
LVII
nitrogen oxides +
-Glo-o ^
0-CH=N-N=CH0
9
-0;
0-CH=N-N=CH0 0a^>
0CHf «£fiL
']O=N-N=CH0 + 0CHO
O
v
\U
\
i
0=0
The Schiff bases N-benzylideneaniline (LVIIl), l'J-benzylidene-m-nitroaniline (LTX) and
W-benzylidene-t-butylamine (LX) were found to be susceptible to ozone attack in ethyl
acetate at 0° (4l), but the products were unusual. For example, the products from N-ben-
zylidene-t-butylamine were 2)4> of N-t-butylbenzamide (LXIIl) , k<$ of benzoic acid and 15$
of 2-t-butyl-3-phenyloxazirane (LXIlJ.

^ VcH=N-f ^ fVcH-N-/ J <^J>-CH=N-C(CH3 ) 3 > LXII + LXIII
LVIII LIX ^~^N02 LX
The nitrones N-phenylbenzaldoxime (LXIV) and N-t-butylbenzaldoxime reacted with
one mole of ozone to yield benzaldehyde and nitroso compounds (e.g., LXl) which ware isolable,
but which could be oxidized to the nitro compounds by further addition of ozone.
© Since the nitrones reacted more
j
readily with ozone than did the Schiff
0-CH=N-0 —£-> 0-CHO + O=N-0 —3-> 0-NO2 bases, nucleophilic attack by' ozone
was proposed. For the Schiff bases,
LXI was proposed as a likely inter-
mediate, which could lead, by various rearrangements, to the observed products. The oxa-
zirane LXII was shown not to be an intermediate in the production of LXIII and benzoic
acid since a sample of it was quite stable to ozone attack under the reaction conditions
used.
0-C N-C(CH3 ) 3 LXII
H
LX ^-Lc-J^N—C( CH3 ) 3 -^
—
a > 0-C-NHC(CH3 ) 3 LXIII
0-CHO > 0-COOH
LXI
Ozonolysis of N-isobutylidene-t-butylamine (LXVl) in methylene chloride at 0° yielded
the oxazirane LXVII. Daring the reaction a blue color developed which the authors pro-
posed was due to the formation of nitroso-t-butane and which indicated carbon-nitrogen
bond cleavage. No further information on the reaction course or intermediates was given
CH3 CII3
^CH-CH=N-C(CH3 ) 3 -^-> "CH-C—N-C( CH3 ) 3
CH3 CHS 1
LXVI LXVII
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THE PHOTOPRODUCTS AND PHOTOREACTIONS OF SANTONIN
Reported by G. Edwin Wilson, Jr. February 25, 1963
Santonin (I) is of interest clinically because of its antihelmintic properties.
The chemical interest in santonin stems from the numerous skeletal rearrangements it
undergoes. Although there has been some interest in the chemical reactions of
santonin since the last reviews (1-4), most of the work has been concerned with
elucidating the structures and stereochemistry of its various photoproducts as well
as determining the mechanisms of their formation. It is these latter investigations
that this seminar will consider. The numbering system used (shown in I) will be that
suggested by Cocker (5)
.
The products obtained from the photolysis of santonin are greatly dependent upon
the solvent in which it is irradiated. The reactions can be catalyzed by sunlight or
by ultraviolet light filtered through Pyrex. Photolysis of santonin in acetic acid
gives a mixture of isophotosantonic lactone (II) , O-acetylisophotosantonic lactone
(III) and photosantonic acid (IV). Photosantonic acid (IV) is also formed by
photolysis of santonin in aqueous solution containing one mole of potassium hydroxide.
From photolysis in ethanol its ethyl ester, photosantonin (V) is obtained. Irradi-
ation in aqueous solution containing three equivalents of base leads to a dimer,
photosantoninic acid (VI) „ Irradiation in ethanol or in dioxane leads to lumisantonin
(6-8) (VII) as the sole product. Lumisantonin can be photolyzed further in ethanol
to produce photosantonin (V) or in methanolic potassium hydroxide to give photo-
santonic acid. The photolytic and chemical "relationships of the photoproducts are
shown in Fig. 1.
Isophotosantonic Acid and Isophotosantonic Lactone (II) . -- Barton, de Mayo and
Shafiq found that isophotosantonic lactone (C15H2o0.4) (II) was, in reality, the anhydrous
form of what had been called isophotosantonic acid. Isophotosantonic lactone crystal-
lized from aqueous solvents as a hydrate, but from anhydrous solvents one obtained
the lactone (9)» The lactone contained four oxygen atoms. First, there was a hydroxyl
group which could be acetylated with acetic anhydride in pyridine, but which could not
be oxidized with chromic acid. Second, the infrared spectrum indicated that the 7-
lactone group of santonin (I) remained intact. Finally, there was a reactive carbonyl
group which formed the usual derivatives and which was a part of a cyclopentenone ring
as determined from ultraviolet and infrared spectra. Kuhn-Roth C-methyl determination
gave a value of three for isophotosantonic lactone but only two for its pyridine
-
thionyl chloride dehydration product, indicating the existence of a methyl tertiary
carbinol grouping. The new methylene group was not in conjugation with the ketone.
Ozonolysis of isophotosantonic lactone and steam distillation of the reaction mixture
gave acetic acid, isolated as its £-bromophenacyl ester, and left as a residue a
neutral fraction (VIII) which showed infrared absorption bands for two 7-lactone
groups and a ketone, but no hydroxyl band. The ozonolysis products thus indicate the
presence of a tetrasubstituted double bond lying next to a carbonyl group. This
agrees with the ultraviolet data on isophotosantonic lactone, Xmax 239 mu ( € 1300)
.
OH
CH3COOH +
VIII

11 -
HOO
IV - photosantonic acid
mini
COOH
III - O-Acetyl-
isophotosantonic
Lactone
VII - Lumisantonin
VI - photosantoninic acid
Fig. 1
Barton assumed that the carbons at positions 8 and 9 would not be affected by
the photolytic rearrangement and proposed structure II with unknown stereochemistry
as isophotosantonic lactone (9) . Recently Barton (10) and coworkers carried out
the conversion shown in Fig. 2, and Asher and Sim (11) determined by X-ray work the
stereochemistry of IX to be that shown. In addition to revealing the stereochemistry
of isophotosantonic lactone this work also showed the configuration of the C-ll methyl
group to be opposite in santonin to that previously supposed (12)
.
OAc
1) H2
2j_ OH6
cont.
3) Ac20, AcO
k) Br2
0^
Fig. 2

- 12 -
Photosantonic Acid (IV) and Fhotosantonin (V) . -- Various structures have been
advanced for photosantonic acid (1, 13, lA) \ however, the proof of structure was
carried out only recently by van Tamelen (15) with confirmatory support by Barton (lk) .
Photosantonic acid (C15H2o04) showed no ultraviolet maximum above 200 m|i. Its
infrared spectrum indicated the presence of a lactone, presumably the original 7-
lactone, and a peak at 1712 cm. -1 for the carboxyl group. Thus, all oxygens were
accounted for.
Ozonolysis and steam distillation of the reaction mixture afforded acetone,
recovered as its 2,4-dinitrophenylhydrazone, and left a residue of a lactonic diacid.
Oxidative work-up of the ozonolysis reaction led to malonic acid as one of the products,
and reductive work-up gave a low yield of acetaldehyde. Similar results had been
obtained by Goldberg and Linstead from 7,7-dimethylvinylacetic acid (16) . The results
were interpreted in this case as evidence for both a vinylacetic acid side chain and
an isopropylidene group. Treatment with ethanolic hydrogen chloride transformed photo-
santonic acid into dehydrophotosantonic acid (X, C15H2004) • This material can be
oxidized to 3>3-dimethylphthalide-6-carboxylic acid (XI) and decarboxylated to yield
2,4-diethylisopropylbenzene (XII)
.
HOO
[0]
>
COOH
(C15H20O4)
X
-CO;
9>
XII
On the basis of these results the early workers (1,2) postulated that compound X,
a diacid, was most readily accounted for by structure XIII. On the other hand, the
structure for photosantonic acid which obviously fitted the ozonolysis data was IV;
but one would expect it to exhibit ultraviolet absorption at approximately 2kk mp. with
a reasonably high extinction coefficient. Moreover, it seemed unreasonable to expect
ready decarboxylation of the p-phenylpropionic acid residue XIV which would correspond
to compound X.
HOO'
COOH COOH COOH
XIII XIV
To resolve the question, the decarboxylation conditions were applied to p -phenyl-
propionic acid as a model compound; and a high yield of ethylbenzene was obtained.
Furthermore, treatment of photosantonic acid with anhydrous hydrogen fluoride effected
cyclization to an indanone which was formulated as XV by comparison of its infrared
and ultraviolet spectra with those of known compounds.
ref.
0-H
in.
, tfflltu
XV
COOH
Fig. 3
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Further support for structure IV was gained from the nuclear magnetic resonance
spectrum of photosantonic acid (Fig. 3) which showed an AX2 system (J=8 cps.)
corresponding to an olefinic proton and an adjacent methylene group. Two singlet
methyl peaks rising out of the unresolved multiplet for the methylenes were assigned
to the nonequivalent methyl groups of the isopropylidene group. The methyl group of
the lactone was found farthest upfield and split by the lone a-hydrogen atom; the
7 -proton of the lactone ring was found as a broad doublet, split by the f3 -hydrogen
atom.
Secondary splitting of the olefinic hydrogen atom and the methylene protons is
attributed to long range coupling of both groups independently with the axial y-
hydrogen atom of the lactone ring. The n.m.r. spectrum of dehydrophotosantonic acid
was readily explained by structure XIV.
The steric interaction between a methyl group of the isopropylidene group and
the methylene group of the vinylacetic acid side chain distorts the diene system out
of conjugation and destroys the predicted absorption properties in the ultraviolet.
This finding is in agreement with the work of Blomquist, who found that the absorption
maximum of 1,2-dimethylenecyclohexane is lowered from the predicted value of 2^>k mu
to 220 mu (log e 3.82) (17) .
Although the gross features of the structure were considered established, it
was necessary to obtain information about the stereochemistry of the acetic acid
function on the double bond with respect to the isopropylidene side chain. Bromi-
nation of photosantonic acid in chloroform at room temperature afforded a bromine -
containing dilactone (XVI) from which photosantonic acid could be regenerated by
refluxing with zinc in acetic acid . The bromodilactone was resistant to further
bromination, but its high end absorption in the ultraviolet indicated that a di- or
tri-substituted double bond was still included in the molecule.
Br-
H00
CHC13
Zn
•>
IV H HOAc, rf,
Confirmation that the stereochemistry of photosantonic acid is as shown by IV
was desired. Treatment of methyl photosantonate with monoperphthalic acid gave only
the epoxide of the isopropylidene double bond, while treatment with perbenzoic acid
or sodium pertrifluoroacetate cleaved the epoxide intermediate and led to the formation
of the ortho ester XVII. Treatment of the ortho ester XVII with aqueous base led to
the formation of the hydroxydilactone XVIII.
MeO
OH
HpO
XVII v XVIII
Lumi santonin (VII) . — The structure of lumisantonin was determined by work of the
groups of Arigoni, Btfchi and Jeger (6), Cocker (8) and Barton (7). The stereochemistry
has more recently been elucidated by Barton and Gilham (l8, 19)
.
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The infrared spectrum of lumisantonin (C15H18 3 ) showed that the 7-lactone group
of santonin was still present, while the infrared and ultraviolet spectra indicated
that the remaining oxygen atom existed as an unsaturated ketone, probably in a five-
membered ring.
Hydrogenation of lumisantonin (VII) led to dihydrolumisantonin (XIX), which
exhibited strong ultraviolet absorption at 215 m|a and indicated saturation to tetranitro-
methane, thereby suggesting the presence of a ketone function conjugated to a cyclo-
propane ring. At this point the similarity of spectra suggested that partial structures
much like umbelldne (XX) and dihydroumbellone might be possible (cf. Table I).
I
Umbell,bne (20) (XX)
Dihydroumbellone (20)
Lumisantonin (VII)
Dihydrolumisantonin (XIX)
Table I
Infrared
( vc=o)
1701
1721
1708
1710
XX
Ultraviolet
mu (log€)
220 (3.77)
265 (3.52)
210 (3.39)
280 (1.55)
238 (3.7)
284 (3.3)
215
285
(3.64)
(1.6)
Thermal isomerization of lumisantonin proceeded smoothly to give a doubly un-
saturated ketone (XXI) , which was readily transformedto tetrahydrolumisantonin (XIX)
by hydrogenation with palladium on carbon. The infrared spectrum of compound XXI
indicates that the ketone function is contained in a five -membered ring and that it is
conjugated to only one double bond.
Dihydrolumisantonin (XIX) formed a mono-hydroxymethylene derivative which could
be oxidized by alkaline hydrogen peroxide to a triacid monolactone; and oxidation of
lumisantonin with osmium tetroxide led to a crystalline glycol which gave, upon
treatment with periodic acid, an aldehydic acid in the form of a lactol. This, in
combination with previous data, showed that the double bond must be disubstituted.
The substitution of the cyclopropane ring was harder to ascertain, but the same
conclusions about its environment were finally reached independently by Arigcni
Jeger and Bilfchi and by Barton from essentially the same data.
The facile rearrangement of lumisantonin to isophotosantonic lactone and its 0-
acetyl derivative in acetic acid with a trace of mineral acid was interpreted by
Arigoni, Bilichi and Jeger to imply the existence of a stabilized carbonium ion. They
favored the non-classical carbonium ion mechanism shown in Fig. k.
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H*\
AcOinl}
Fig, h
By brief treatment of lumisantonin with hydrogen bromide in acetic acid Barton,
de Mayo and Shafiq isolated the unsaturated compound XXIII which had presumably
resulted from the dehydrobromination of XXII. They suggested the mechanism shown
below.
0, \/"' QH-Br
VII XXII XXIII
The stereochemistry of lumisantonin was determined as follows: Oxidation of
lumisantonin formed a diacid which readily formed an anhydride. This confirmed that
the cyclopentenone ring is attached cis on the cyclopropane ring. Oxidation of di-
hydrolumisantonin with chromic oxide gave a diketoacid. The cyclopropane ring in
the product was easily reduced with a zinc -copper couple in acetic acid, after which
the diketone was treated with potassium borohydride and was subsequently lactonized.
Oxidation gave the ketolactone (XXIV) whose optical rotatory dispersion curve was
shown to be similar to that of friedelin (XXV) . This defines the stereochemistry of
the angular methyl group and the stereochemistry of the rest of the molecule follows
directly from the fact that the cyclopropane ring must occupy a cis -diequatorial
position on the cyclohexane and a cis position on the cyclopentanone ring.
XXIV
Photosantoninic Acid (VI) . -- Some structural work has been done on photosantoninic
acid; and although there has been no proof of structure, Satoda and Yoshii (21) have
presented a working hypothesis which appears to fit all the chemical and spectral data
found to date. The empirical formula (C30H40O8) is in disagreement with those presented
earlier (1, 6, 8) (C 30H420g), but the compound was found to form a hydrate quite
readily.
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Photosantoninic acid is a diacid with one hydroxyl group as shown by Zerewitinoff
determination on the diester. It is converted by heating into a 7-lactonic acid.
Oxidation of the dimethyl ester with chromic acid in pyridine gave a saturated tri-
ketone. The cyclopropane ring of the triketone was easily reduced by a zinc-copper
couple in acetic acid, a reaction analogous to the one used by Barton on lumisantonin
(19). The infrared spectrum of photosantoninic acid indicated that the ketone func-
tions were positioned in five-membered rings.
The one unreactive oxygen atom which remained was proposed to exist as an ether
linkage. Considering that photosantoninic acid is formed in highly basic solution,
Satoda and Yoshii postulated the genesis of it to be as indicated in Fig. 5.
O
00H
00H
00H
.COOH
Fig. 5
Mechanisms of the Photoreactions . -- The santonin-isophotosantonic lactone
rearrangement is fairly typical of cross-conjugated cyclohexadienones although many
systems stop at the lumisantonin stage and others yield phenols (22-29). Dutler (22)
found that irradiation of 1-dehydro-O-acetyltestosterone (XXVI) led to a mixture of
eight products, but Weinberg found that photolysis of 4-methyl-l-dehydro-0-acetyl-
testerone and 2,4-dimethyl-0-acetyltestosterone led to only one homogeneous product
which was shown to possess a lumisantonin-type structure (25). From this he concluded
that the h -methyl group greatly influenced the santonin photolysis while the lactone
ring had little effect on the reaction.
Together with the discovery of the interconnection of the photoproducts of santonin
came the realization that the mechanisms of the photoreactions could not be explained
easily. Barton and coworkers suggested that there were two possible routes for the
photochemical transformation of santonin into isophotosantonic lactone. He based this
supposition on the facts (7) that irradiation of santonin in hot acetic acid gives the
lactone, but irradiation in cold acetic acid affords equal quantities of the lactone
and of photosantonic acid. In addition, lumisantonin rearranges to the lactone in hot
acetic acid, but is stable to cold solvent; irradiation of lumisantonin in cold
acetic acid affords photosantonic acid, but no isophotosantonic lactone.
While proposing a mechanism for the production of photosantonic acid from lumi-
santonin, van Tamelen proposed a mechanism for the formation of compound VII shown
below. For production of photosantonic acid he suggested the intermediate formation
of the ketonic carbene XXVII, which would then rearrange and pick up hydroxyl ion to
give the product, A somewhat similar mechanism was proposed by Barton who suggested
that a 1,2-shift of the angular methyl group was accompanied by cleavage of the cyclo-
propane ring and electron migration to form the ketene (XXVIII)
.
VII
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XXVII XXVIII
By irradiation of lumisantonin in ether, Chapman and Englert (31) obtained photo-
lumisantonin (XXIX) . Ehotolumisantonin could be converted by irradiation in water to
photosantonic acid. If lumisantonin was photolyzed in moist ether only photosantonic
acid was obtained. Chapman and Englert proposed the polar mechanism shown below to
interpret the results.
HOOC
hv
Et2
hv
H2
XXIX
As was mentioned earlier, the isophotosantonic lactone rearrangement has received
considerable attention. Barton and coworkers suggested two mechanisms, one for the
direct conversion of santonin to isophotosantonic lactone (32), and one for the
conversion via the intermediate lumisantonin (33)« The direct conversion route post-
ulates an initial four-center reaction to form the intermediate XXX. This is followed
by attack of water or acetate ion, depending upon the reaction conditions, on the
tertiary saturated carbon to afford the observed product (II) . The indirect route
postulates initial formation of lumisantonin (VII) photolytically followed by attack
of water, and appropriate electron redistribution, to give the product (II).
XXX II
VII
An additional interpretation of the varied reactions of santonin has come from
Zimmerman {J>h , 35) as a result of a study of the photolysis of ^,^-diphenylcyclohexa-
dienone. He isolated both a product of the lumisantonin type and a phenol. The
lumisantonin-type product could be. further photolyzed to afford the phenol. Zimmer-
man noted that the santonin rearrangement suggested an electron deficient it system
while the exciting wave lengths suggested an n->rt* excitation, thereby making the xc
system electron-rich. He then suggested the intermediacy of an excited state with
one of the electrons isolated on a p orbital of oxygen. Zimmerman claims the
excited state can then undergo rebonding. Demotion of the Tt* electron through loss of
energy by emission or by collision could leave a vibrationally excited ground state
which would be polar. This could then undergo two 1,2-shifts (a 1,3-shift would afford
a trans cyclopropane -cyclohexane ring fusion, which is highly unlikely) and collapse
to lumisantonin.
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CYCLOHEPTATRIEME CHEMISTRY
Reported by W. G. DeWitt March k, 1963
Cycloheptatriene \l), whose common name is tropilidene, has recently been the subject
of considerable investigation because of its relation to the aromatic species II (l) and
to the tropone (ill) and tropolone ( IV) (2) families.
II III IV
The Structure and Conformation of Cycloheptatriene. —Several possible structures for
cycloheptatriene s have been proposed (3, b, 5). Corey and co-workers, upon finding that
reaction of eucarvone (V) with selenium dioxide yielded the bicyclic compound VI (6)
suggested that cycloheptatriene derivatives such as eucarvone enol acetate ( VIl) might
be in equilibrium with the corresponding bicyclo(>.1.0]heptene (VIIl) derivative (3).
SeO;
OAc
V HO^^ VI X^^/ VI1
However, the n.m.r. spectrum of the acetate was found to correspond to VII by determina-
tion of the ratio of the number of gem-dimethyl protons (+4-5 p. p.m. from H20) compared
to the number of olefinic protons (~+0.25 p. p.m. from H20) . A ratio of 1.55 was found
which corresponded well with the 1.5 expected for VII but not with the 3-0 expected for
VIII. In addition, there was no evidence for the existence of the tertiary hydrogens
expected for VIII (at +4.0 p. p.m. from H2 in the model compound IX). Thus it was conclud-
ed that at best, only insignificant amounts of VIII existed (3).
Later Doering and co-workers proposed an alternative explanation by ascribing a
planar, pseudo-aromatic structure (X) (perhaps better represented by XI) to cyclohepta-
triene (k): Diels-Alder addition of dimethyl acetylenedicarboxylate to the Bdchner acids
(1, 2, 3 or 7 monocarboxylic acid) yielded adducts
which had been formed by addition at the 2 and 5 po-
sitions. For example, the methyl esters of 2- and 3-
cycloheptatrienecarboxylic acids (XII and XIV) yielded
adducts containing cyclopropane rings, which underwent
pyrolysis to yield trimethyl benzene-l,2,3-tricarboxylate (XIIl) and trimethyl benzene-
1,2,4-tricarboxylate (XV), respectively (k) .
C02Me
Me0pCC=CC0=Me COaMe 200-300°C
C02MeJ^C02Me
ex• COpMe +
assumed
C02Me
XII
MeOpCC^CCOpMe
MeO
//^ C°2
Me 200-300°C,
COpMe
XIII
C02Me
^C^C02Me
COpMe
+
assumed
XIV
XV
The infrared and Raman spectra of cycloheptatriene have been interpreted on the basis
of this model (x) as either a planar or nearly planar molecule with a slight deformation
of the C-T methylene (7). The planar pseudo-aromatic structure (x) predicts considerable
overlap of the p orbitals of C-l and C-6. The resonance energy determined from the heat
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of hydrogenation is 6.7 kcal/mole, a value which is roughly equivalent to that of a non-
cyclic triene with no 1,6-overlap (8). The low resonance energy was explained on the
basis of strain energy lost in attaining planarity (9); however, recent evidence suggests
that cycloheptatriene exists in a hoat conformation (XVl) (5, 10) .
7-Deuterocycloheptatriene (XVl) rearranges at 100-140° to give a mixture of 1-, 2-,
>, and 7-deuterocycloheptatrienes (5, 11). Mass spectral data ruled out an intermolecular
mechanism. Integration of the n.m.r. spectrum showed that in the early stages of the re-
action the C-7 proton peak grew at the expense of the C-3 proton. Thus, a 1,5-transannu-
lar shift was occurring. 3-Deuterocycloheptatriene (XVIl) then isomerizes to 1-deutero-
cycloheptatriene and it in turn to the 2-deutero compound. The infrared spectrum of XVI
H
H
XVI XVII
shows two C-D stretching frequencies, presumably due to one species with "axial" deuterium
and one with "axial" hydrogen, apparantly in conflict with a planar model (12).
Recently, X-ray studies have been performed on the p_-bromophenacyl ester of 7,7-di-
methyl-3-cycloheptatrienecarboxylic acid (XVIIl). The conclusion was that the cyclohepta-
° J
II II
2-BrCsII4C-CH2-0-C'
XVIII £
O' 48
triene ring was in the boat conformation and had the dimensions indicated above (10).
It is conceivable that Diels-Alder addition at the 2,5 positions of cycloheptatrienes
to form cyclopropane compounds, occurs analogously to the reaction of maleic anhydride and
2,5-bicycloheptadiene (lj).
-C
\
:0
0^ \o^ ^0
The Cycloheptatrienyl Cation, Radical, and Anion. —Doering and Knox brominated cyclo-
heptatriene and obtained a dibromide from which hydrogen bromide was easily eliminated to
yield an ionic compound, tropylium bromide (XIX) (Ik). Tropylium salts have been prepared
in manv ways, but one of the best preparations is that of Kursanov and Volpin in which
cycloheptatriene is treated with phosphorus pentachloride (15).
\t) /rlOo/.^ i -nm i_ urn _i_ r>1 W
Er
C7H8 + PCI 5 C7H- b) + PC13 + PICI + CI
The tropi/lium ion has been characterized by the infrared and
Raman spectra as a planar aromatic system in which the seven
XIX carbon atoms are equivalent (l6). The tropylium ion, which is
isoelectronic with benzene, has predictable stability (calculated
derealization energy = 2.99 P (17)) based on the kn+ 2 it-electron rule for aromaticity
and molecular orbital calculations (18 and references therein). The chemistry of the tro-
pylium salts is the subject of several reviews and will not be considered further in this
abstract (l, 19)
•
The corresponding radical and anion, which should have one and two antibonding elec-
trons, respectively, have not been isolated. The cycloheptatrienyl radical (XX), whose
ionization potential is 6.60 electron volts by the electron impact method, has been de-
tected by mass spectrometry in the pyrolysis of bitropyl (XXl) (l8). The e.s.r. signal
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of XX produced at -I96 C by irradiation of cycloheptatriene with Van de Graaf electron:
350" eV
-> 2
XXI XX
shows eight peaks, indicating that the electron is delocalized over the entire ring (20).
Doering and Knox attempted to prepare XX by treatment of XIX with zinc, but the only
product obtained was the dimer XXI (21).
Recently, both the radical ( XXVIl) and anionic (XXVIIl) species from heptaphenyl-
cycloheptatriene (XXIl) have been prepared. Diels-Alder addition of triphenylcyclopro-
pene (XXIIl) and tetraphenylcyclopentadienone (XXIV) yielded XXII via the ketone XXV (22)
The cation (XXVl), radical ( XXVIl) and anion ( XXVIIl) were then obtained by the following
scheme (23, 2k, 25) :
-l-
The cation (XXVl) is not as stable as the
tropylium ion (XIX) which is evidence that
the seven phenyl groups are twisted out of
the plane of the ring so that they can not
stabilize by resonance but can only de-
stabilize by induction (23) . The radical
( XXVIl) has a deep reddish brown color in
xylene solvent and is stable in inert XXVIIl XXVII
atmospheres indefinitely (2*0 . The width
of the e.s.r. signal (2.2 gauss at maximum slope) suggests that the electron is delocalized
only on the seven-membered ring and that the phenyl groups are again probably tilted out of
the plane of the ring (2*0 . The anion, isolated as the potassium salt, is deep purple and
shows only phenyl protons (at t 3*25) in its n.m.r. spectrum and no protons on the cyclo-
heptatriene ring near t *i-.73 where those for the C-7 proton of XXII are found (15)' The
lack of an e.s.r. signal for this molecule means that the anion does not have the triplet
ground state predicted by molecular orbital theory (26).
Preparation of Cycloheptatriene
s
.
-Only within the last twelve years has cyclohepta-
triene itself become readily available. Most of the recent syntheses involve ring expan-
sion of either alicyclic or aromatic compounds (27)-
Closs and Closs have reported that methylene chloride, when treated with methyl lithi-
um, yields monochlorocarbene (28) . This carbene, unlike dichlorocarbene, which does not
react (29), adds to benzene to yield tropylium chloride, which is unstable in the presence
of excess methyl lithium and finally yields 20> of 7-methylcycloheptatriene (XXIX) (28).
This reaction
CH2C1.
CH3Li
—> :CHC1 ^^ CI<^
J
CI
-LiCl
XXIX
is analogous to the formation of 7-phenylcycloheptatriene from tropylium bromide (XIX)
and phenyl lithium ( 1*1-) .
The commercial preparation of cycloheptatriene is the thermal isomerization of bi-
cycloheptadiene in hjjo yield (30) or in 53.5/0 yield in a one step process from cyclopenta-
diene and excess acetylene (31)- Woods ( 30) has suggested that the isomerization may be

'/ \\ + C2H2
similar to that of a- and p-pinene in which a diradical is generated (32). The diradical
here could undergo ring expansion through a norcaradiene intermediate (XXX) to give cyclo-
XXX XXXI
CSH4CH3
heptatriene. Conditions are critical, since cycloheptatriene can he completely isomerized
to toluene at kfQ C and could undergo partial rearrangment below that temperature through
an intermediate such as XXXI or a tropylium ion ( 30, 33)
Substituted cycloheptatrienes can be prepared oy the solvolysis of the tosylates of
1,4-aihydrobenzyl alcohols (XXXIIl) (
3
!S 35). Birch reduction of o-toluic acid yields the
dihydrobenzoic acid (XXXIl) which is reduced with lithium aluminum hydride and treated
with p_-toluenesulfonyl chloride to yield XXXIIl. Hot acetic acid containing sodium di-
hydrogen phosphate monohydrate as a buffer generates the carbonium ion (XXXIV), which
yields 2-methylcycloheptatriene (XXXV, 23/0), 1-methylcycloheptatriene ( XXXVI, 39/0), 3-
methylcycloheptatriene ( XXXVII, 5$) and o-xylene (&fo) ( 3*0 . Any study of the mechanism
is confused by the fact that the methylcycloheptatrienes are interconverted under con-
ditions of solvolysis.
COOH COOH CH2OTs CHs
w
PH3
CHa I Oh
1) LiAlH4
2) pTosCT
HOAc
ra^FO'4 'H2
/K^CH3 O
XXXII XXXIIl
dr
XXXIV
XXXVII
Substituted cycloheptatrienes are normally prepared by the reaction of a nucleophile
with a tropylium ion.
Ci'J
-CN (87^)
CH3-C-CH2-C-CH3
pyridine '
-^
0=C-CH3 (82/o)
—CH-C-CH3
Ref.
(36)
(37)
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Reactions of Cycloheptatriene . --The following headings indicate typical examples of
cycloheptatriene reactions. Additional examples can be found in the references given below.
Hydride Transfer. —Cycloheptatriene loses a hydride ion readily to form the aromatic
tropylium ion ( 38, 39) • Conrow has measured the equilibrium between the tropylium and
methyltropylium ions (39)* Because of the ease of decomposition of tropylium ions with
nucleophilic impurities, precise equilibrium data were unobtainable} nevertheless, an
average value of the equilibrium constant (K = 25) indicates that the tropylium ion is
CH3 + K +
considerably stabilized by the electron donating methyl group. Decomposition of the
equilibrium mixture with lithium aluminum hydride produces a series of isomers (Table i)
,
which deviates from the statistical pattern in the manner predicted from the induced pol-
arity of the methyl group ( 39)
•
Products of the Reaction of
Table I
Lithium Aluminum Hydride with Methyltropylium Ion
Compound Statistical Yield Actual Yield
1-Methylcycloheptatriene
2
-Methylcycloheptatriene
3-Methylcycloheptatriene
7-Methylcycloheptatriene
28.6$
28.6
28.6
14.3
42. C$
23.8
16.6
17.7
The trityl ion reacts quantitatively with cycloheptatriene to remove a hydride ion
CyH7-^8 + (CSH5 ) 3C C7H- + (
C
SH 5 ) 3CH
Ring Contraction - --One of the characteristic reactions of cycloheptatrienes is ring
contraction to a substituted benzene. Such reactions can occur under thermal (30, 33),
oxidative (hi), "hagner-lfeerwein (42, 43) or photochemical (44) reaction conditions. A
few typical examples are listed below:
f|
\-CH20H 100° c
Ref.
(42)
•CN
cone.
HC1 C02H (45)
(T^««(S£.s
?0pH
HPS04 )
?
H20C-
T>rn-!-\r\0RT-BO'
478°
or
hv, 15 mm.Hg
(41)
(30, 33)
(43)
These reactions have been postulated to proceed via intermediates of the norcaradiene
type (21, 30, 33, 46). Thus, Cope, et al. , have suggested that the acetal of cyclohepta-
triene-1-carboxaldehyde yields l,l-dimethoxy-2-phenylethane through the follow-
ing pathway (45):
CH(OMe),
ethanolic
H3JO.
CH(OMe), CSH5CH2CH( OMe)
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The addition of dichlorocarbene to cycloheptatriene followed by pyrolysis yields
chlorobenzocyclobutane in an overall yield of 10$ ( kj) •
-££&, ihcPc
-HC1
+
CHoCHCl;
Oxidation . --Dewar, Gonellin and Pettit have found that cycloheptatriene-7-carboxylic
acid is oxidized to tropylium salts by mild oxidizing agents, such as lead tetraacetate,
while stronger oxidizing conditions yield benzene derivatives ( kl) , as shown in Table II.
Since acidic or neutral permanganate oxidation of tropylium salts yields the same products
as cycloheptatriene-7-carboxylic acid (kl) , it seems likely that those oxidations proceed
Table II
Oxidation of Cycloheptatriene -7-carboxylic Acid
Acidic KMn04
Neutral KMn04
Alkaline KMn04
Cr03
C6H5CHO, C6H5CH2C02H, tropylium salts
CsH5CH0
£-C6H4(C02H) 2
£-C6H4 ( C02H) 2
through a tropylium ion intermediate . Dewar, et al. , suggested that terephthalic acid
arises in a different manner from attack on the 37^-d.ouble bond to give an epoxide which
subsequently hydrolyzes and rearranges (hi). More recently, Juppe and Wolf (kQ) have
H
r+
OHC-fc. ^~C02H H02C-^ A-CO^E
found that 7-14C-cycloheptatriene is oxidized by chromium trioxide to form benzoic acid
in which the label has been equally distributed among all positions, indicating, in this
case, a tropylium ion intermediate.
Photochemistry, —As has been indicated previously in this abstract, photolysis of
cycloheptatriene s at pressures slightly above 15 mm.Hg yields toluene ( kh) . At lower
pressures, however, the predominant product is the known A2
' 6
-bicyclo[3«2o0]heptadiene
(kQ) . The reaction, which is postulated to proceed via an intramolecular bridging mechan-
ism is analogous to that of cycloheptadiene in which XXXVIII is formed ( k9) .
hv
XXXVIII
Coordination Complexes
.
--Complexes of cycloheptatriene with several transition metals
(XXXIX), for example, chromium, molybdenum and tungsten, have been prepared from the car-
bonyls of the metals' (50). X-Ray analysis of the molybdenum compound indicates that in
the complex, the 1- through 6-carbon atoms are coplanar while the C-7 methylene is above
the plane of the ring (51). This is quite similar to the Doering model for cyclohepta-
triene (X). Iron which needs two fewer electrons than chromium to form an inert gas
electronic configuration also forms a
•85 tricarbonyl complex (XL), however, only
two of the double bonds are utilized by
the metal (52). The n.m.r. spectra
(XL) shows a pattern for the 1,V diene
system which is similar to the pattern
found for the cyclopentadienone iron
tricarbonyl complex ( 53) . Compound XL
is formed by heating a mixture of iron
pentacarbonyl with cycloheptatriene for
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seven days at 110° C (52). Attempts to carry out reactions with the uncoordinated
double bond, such as osmium tetroxide oxidation, result only in decomposition of the
complex (52)
.
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SOME RECENT CHEMISTRY OF gem-DIHALOCYCLOPROPANES
Reported by W. F. Pickens March 11, I963
During the past few years, gem-dihalocyclopropanes have been shown to undergo a
variety of interesting and useful reactions. These compounds afford short routes to
novel structures which would be difficult to obtain by other methods. It is the
purpose of this seminar to illustrate the great synthetic utility of gem-dihalo-
cyclopropanes and to consider the formation of their reaction products.
Preparation of gjem-Dihalocyclopropanes
When dihalocarbenes are generated in the presence of olefins, gem-dihalocyclo-
propanes result (1). The formation, nature, and chemistry of carbenes have been dis.
cussed in several reviews (2-6) and will not be considered at length here. However,
since dihalocarbenes can be generated under a wide variety of conditions which may
affect the course of the reaction, a few of the most useful older methods and some
newer methods showing special promise are summarized below.
dihalocarbene source
HCX3 + :B > (X^F):CX2 + H:B^ + X
9
Cl2CH-C02-t-Bu + 0-t-Bu
9
> :CC12 + CO + HO-t-Bu + O-t-Bu
Cl3C-C02Et + H3CO
Q
> :CC12 + H3CO-C02Et + C1
G
Cl.C-COJJa ^ S °ln - ln
refluxin^ :CC12 + C02 + NaCla -COaT
^ 2-dimethoxyethane
(C13C) 2C=0 + 2H3C0
G
> 2 :CC12 + (H3CO) 2C=0 + 2C1
BrCCl3 + n-BuLi > :CC12 + n-BuBr + Li CI
0-HB-CBr3 vS6 ' :CBr£ + 0-Hg-Br
Although difluorocarbene is not produced by the basic hydrolysis of fluoroform, basic
hydrolysis of chloro- or bromo-difluoromethane gives difluorocarbene (l4) , as does the
thermal decomposition of the chlorodifluoroacetate ion (15). Other less general methods
of dihalocyclopropane formation will be mentioned throughout this review.
Dihalocarbenes are less reactive than monohalocarbenes, which are much less
reactive than methylene (l6). Thus, dihalocarbenes are quite selective reagents, and
the possibility of side reactions is greatly reduced. Isoprene gives almost exclusively
the 1,2-addition product (I) (17, 18) . This is in accordance with the electrophilic
nature of dihalocarbenes (19, 20).
reference
(1)
(7)
(8)
(9)
(10, 11)
(12)
(13)
H2C
CH3
=C-CH=CH;
HCC13 , K0-i-Pr_
pet . ether
The first report of an insertion reaction of a dihalocarbene into a carbon-hydrogen
bond was by Parham in 1961 (21). In this reaction, 2H-l-benzothiopyran (II) underwent
insertion at the 2- and h -positions to give III and IV, respectively.
ClaC-COgEt, NaOCH3>
pet. ether, 0-25
II
small amount of
unknown diadduct
III
IV
2£.($
yield
9.1$
yield
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There was no evidence of the expected dichlorocyclo-
propane (V) . It was suggested that the anion (VI) might
be responsible for this surprising reaction.
HaCO
^
G n
:CC1£> in + iv
However, there was no evidence for the formation of the dichlorocyclopropane (V) under
non-basic conditions.
Cl3C-C02NaII
refluxing 1,2-dimethoxyethane » III + IV ( —1:1)
The authors therefore suggested that the dichlorocarbene may first react with the
basic sulfur atom.
:CCla .
* 1'CI;
III + IV
(21).
9CC12
With 4H-l-benzothiopyran (VII) the expected addition product (VIII) was obtained
Cl3C-C02Et, NaOCH3>
pet. ether
VII VIII 6%. 9$
Heating VIII in quinoline at 210° gave 2-chloronaphthalene rather than the desired
thiepin ( IX)
.
VIII
not
observed
IX 26.9$ yield
Previously, Parham had shown that dihydropyran reacted with dichlorocarbene to give
2-oxa-7,T-dichloronorcarane (X) in 75$ yield (22). At l40-150° in the presence of
quinoline under reduced pressure, X gave an Qyfo yield of 2,3-dihydro-6-chloro6,xepine(X!$l.
C1
*
-Cl°
1^0-150 U
Cl3C-C02Et, NaOCH3>
pentane
-H
'0J
XI
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Parham has reported in a more recent paper (23) that 2,3- and 3A - chromene gave
dihalocyclopropanes (XII and XIII) with no evidence of insertion reactions. When XII
and XIII were heated with quinoline,both compounds decomposed, but the products could
not be identified.
Cl3C-C02Et, NaOCH3>
pet. ether
ClflC-COaBt, NaOCH3
pet. ether
XIII
The fact that the previously mentioned 2H-l-benzothiopyran gave insertion products
whereas the oxygen analogue gave olefinic addition may be interpreted as a difference
in the relative nucleophilicities of the double bond and the heteroatom of each compound
Parham has also reported that benzofuran reacted with dichlorocarbene in hexane to
form an adduct that could not be purified by vacuum distillation or chromatography on
alumina (2k). Upon treatment with water, the adduct (XIX or XX) was converted into
bis[3-chloro-2(3-chromenyl) ]ether (XXI) in ik.^fo yield.
Cl3C-C02Et,
NaOCH3
i> hexane Co>
XIX
Benzothiophene did not react appreciably with dichlorocarbene even when the latter was
present in 100$ excess {2k). About 92$ of the unchanged benzothiophene was recovered.
Dichlorocarbene subsequently has been found to undergo insertion reactions at the
benzyl positions of cumene, ethyl benzene, p_-diisopropyl benzene, tetralin, and di-
phenylmethane (25) . i- _£
H3C-
Cl3C-C0gNa, refluxing
1,2-dimethoxyethane
A novel class of compounds, dicyclopropyl ethers is formed through the reactions
of divinyl ethers with dihalocarbenes (26, 27)
.
A
H2C=CH CH=CH2 Cl3C-C02Et, NaOCH3?
pet . ether CI-
A
l&fo yield
CI;
The generation of the halocarbenes from chloroform, bromoform, or benzal dichloride
with potassium t-butoxide resulted in polymerization of divinyl ether. The use of n-
butyllithium and methylene dichloride also caused polymerization. The more stable
diisobutenyl ether (XXII) gave a 20$ yield of bis(2,2-dichloro-3,3-dimethylcyclopropyl)
ether (XXIII) . This ether (XXII) could also be treated with bromoform and potassium
t-butoxide to give the expected product (XXIV) in 25.6$ yield without polymerization.

_ 3Q m
(CH3) 2 (CH3 ) 2
Cl3C-C02Et, NaOCHg, A AC1 ,
pet. ether ^ V,/
A ,
,(CH3 ) 2C=CH CH=C(CH3 ) 2
XXII HCBr3
KO-t-Bu
XXIII
(CH3 ) 2 (CH3 ) 2
* BrPZ_\ ZABr-
XXIV
For the preparation of trans -2,2-dichloro-3-phenylcyclopropanecarboxylic acid
(XXVI) from ethyl cinnamate, the use of chloroform and potassium t-butoxide was
"unsuccessful" (28) . But ethyl trichloroacetate and sodium ethoxide gave kkfo of XXV
and the thermal decomposition of sodium trichloroacetate gave 8l$. The trans -con-
figuration of the product was assigned on the assumption of stereospecific cis -
addition (29, 30) .
A. P.
V \ CCl;2Et
EtO
HC1
A novel source of difluorocarbene was used in the following reaction scheme in-
volving fluorocarbon chemistry (31). The interesting structure XXVII was a surprisingly
stable bicyclobutane (32) . The cyclobutene (XXVIII) was identical with a
sample prepared by a different route.
F2
(CF3) 3PF2
100 c
:CF;
F3C-C=C-CF3> F3C^=7CF3 :CF;
CF-.
F2
XXVII
FsC CF<
F3C-CEC-CF3 |^t>
/ I
XXVIII F2
c
330 c
300°
CF3 CF3
F2C=C C=CF2
Reactions of gem-Dihalocyclopropanes
Thermal Isomerization . -- Several examples of thermal isomerization of gem -
dihalocyclopropanes have been mentioned (21-2^, 31) • The recent work of Parham con-
tains analogies to many older reactions of dihalocarbenes with aromatic or unsaturated
cyclic compounds to give dihalocyclopropane derivatives followed by ring expansion:
the conversions of indoles to 3-halo-quiholines (33), pyrroles to P-halopyridines (3^),
and; indenes to (3-halonaphthalenes (35)/ These reactions will not be further mentioned
Chloroform reacts with anthracene in the presence of potassium t-butoxide to
give 10-chloro-5-t-butoxydibenzo (a, e) cycloheptatriene (XXX) (36). The intermediate
dichlorocyclopropane (XXIX) was not isolated.
Clg
-l r- CI -P CI
-CI
9
XXIX
With 9-methoxyphenanthrene, the dichlorocyclopropane (XXXI) wa
Thermal decomposition gave the benzchlorotropone (XXXII)
.
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OCH- OCH3
>\ Cl3C-CQ2Et, NaOCH3>
1 pentane, 0-5 u
lW
+ H3CCI
XXXI XXXII
Cycloheptatriene and toluene are produced by the thermal isomerization of 7,7-
dichloronorcarane (38). It had previously been shown that cycloheptatriene rearranges
to toluene at V?8° (39) .
CI-
500°
¥
35#
Cf 5TP yield
Pyrolysis of dihalocyclopropanone acetals gives a-chloroacrylic esters (kO) . The
following mechanism involving an allylic carbonium ion was presented.
6
(H3C) 2C=C(0CH3) 2
^O-t-Bu' ^C) 2^j(0CH3) 2
Cl2
•CI
1 140-150°
CI
H3CCI + (H3C) 2C=C-C02CH3 <-
CI
CI
(H3C) 2C=C-C(0CH3) 2
The dichlorocarbene monoadduct of 1,3-butadiene rearranges at 500 under 5 mm.
nitrogen to give new chloroillefins (4l) . The major products are 2-chlorocyclopentadiene
(XXXIV), 4,4-dichlorocyclopentene (XXXIII) , 1,1-dichloro-l,k -pentadiene (XXXV) , and
l,l-dichloro-l,3-pentadiene (XXXVI) . The following scheme is a possible explanation.
^ HCCI3KO-t-Bu » CI-
500°
5 mm. N2
H2C=CH-CH-CH2
•
I
•CC12
Cl2
H3C-CH=CH-CH=CC12 ~
XXXVI
H2C=CH-CH2-CH=CC12
XXXV
CI
^
//
XXXIII
l-HCl
CI
XXXIV
Reduction . -- Doering and Hoffmann reported that 7,7-dihalonorcarane reacted
with hydrogen in the presence of Raney nickel, and when treated with sodium in alcohol
to give methylcyclohexane and norcarane, respectively (1)
.
HCX3 ,
KO-t-Bu X; fe/^fc
#*^ OH
Hofmann and coworkers used a dibromocyclopropane reduction in their preparation
of dihydrosterculic acid (XXXVIII) (k-2, hj>) . The abbreviated reaction sequence is shown
below.
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HCBra
, (T^Y>
KO-t-Bu U l^
'"7/-V3
H3C-(CH2) 7/ ^(CH^y-COaH
XXXVIII
Br2 KMnO^
several steps
Ha/Raney Mi
^
HoX^.
KOH, H3COH u(/|N^H(
XXXVII •80$
Zn/AcOH
Hg/Pt
KOH, H3COH
> 50$
XXXVII XXXIX
It is interesting that Hofmann found
that reduction of XXXVII with powdered
zinc in glacial acetic acid or cata-
lytic hydrogenation using platinum
gave a monobromocyclopropane (XXXIX)
.
A novel method of preparing spiro -compounds containing the cyclopropane ring in-
volves treating endomethylene cyclic structures with dihalocarbenes (hk) . The dibromo-
cyclopropanes may be converted to the spiro-hydrocarbons with lithium aluminum hydride.
On the other hand, Doering (1) re-
^^^
ported that the halogens of 7*7-
EiAUEU 1 ^\ dichloronorcarane were inert to
treatment with lithium aluminum
74$ hydride in refluxing tetrahydrofuran
for 12 hours
.
Parham found that the previously mentioned 2-oxa-7,7-dichloronorcarane (X) gave 2-
oxanorcarane in 75$ yield when treated with sodium in liquid ammonia (22)
.
-5-0*
CI;
Ha/NH; r>:i2 Na/NH
—
\
H3COH
Orchin and Herrick also mentioned that treatment of I with sodium in liquid
ammonia gave 1-methyl-l-vinylcyclopropane (17)
.
Br
Br.
HpO'
xxxx
a
XXXXI
Reaction with Silver Ion . -- Skell reported that
1,1-dihalocyclopropanes react with electrophilic
reagents (^5) . When 6,6-dibromobicyclo[3.1.0]
hexane (XXXX) is treated with aqueous silver
nitrate, a bromoalcohol (XXXXI) is formed. The
reaction appears to be general and thus available
for extending a carbon chain or expanding a ring through insertion of a carbon atom
between the atoms of an olefinic..bond.
However, Doering reported that 7,7-ciichloronorcarane gave no reaction with silver
nitrate at room temperature (1) , and Skell mentioned that XXXX reacted at a rate 200
times as great as that for 7>7-clibromonorcarane (^5) •
An interesting result of the stereochemistry of bicyclic
systems is illustrated by the isolation of two isomers (ct
and p) of 6-bromo-6-chlorobicyclo[3.1.0]hexane and the
stereospecificity of their reactions with silver ion. The
a-isomer loses chloride ion at the same rate as the di-
chloro compound to produce the bromoalcohol, whereas the f3-
isomer loses bromide ion at the same rate as the dibromo-
compound to produce the chloroalcohol (^5)
.
to the a- and |3 -isomers.
oc- and p -isomers
The authors did not assign configurations
Reaction with Active Metals. — Doering and La ELamme found that treatment of
certain gem-dibromocyclopropanes with magnesium in ether gave allenes (k-6) . They
also found that these dibromides and the corresponding dichlorides reacted with high-
surface sodium to give allenes in higher yields but contaminated with isomers of the
allenes.

Mg/ether
Na/alumina
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H3C-CH=C=CH-CH3
H3C-CH=C=CH-CH3 + isomers
These workers assumed the impurities were acetylenes, but Logan reported that the main
impurities in these reactions were cyclopropanes (47). Logan found that when activated
magnesium (with an alkyl or aryl halide) was used, dichlorocyclopropanes also formed
allenes. Attempts to trap a carbene intermediate with cyclohexene were unsuccessful.
CioH2i^
, starting unidentified
-§£7= > decylallene + decylcyclopropane + material + minor products
EtBr 44# 33io 5$ iQio
The reaction of dibromobicycloalkanes with sodium on alumina gives different
products depending upon the ring size of the reactants (48).
, A cn2)
Na/alumma^
rnTT^TT^ 1 _„ L(CHa) -> (CH2) n_ ; or V C=C=C)
n = 6, 44$
n = 7, 64$
n = 4, 50?o
n = 5, 24$
Gardner and Narayana have effected the synthesis of 1,2-cyclononadiene as shown by
the following scheme (49) . Sodium-ammonia reduction as well as catalytic reduction
of the allene gave cis-cyclononene.
\
2 atm. H
Pd/CaC03
2* HCBr3 ,
KO-t-Bu'
Mg
ether
*
m/m* » 85$
Reaction with Alkyllithium Reagents . -- Moore and Ward found that treatment of
gem-dibromocyclopropanes with methyl- or butyl-lithium at to -80° gave allenes
in high yields (50). The related dichloro compounds were inert to methyllithium but
reacted slowly with butyllithium. No carbene intermediates were detected by using
cyclohexene as a trapping agent. Also, it is known that carbenes react with allenes
(51) and no evidence of such products was found.
Skattebfll reported the synthesis of two novel cyclic diallenes from cyclic dienes
(52).
^(CHa)^
HCBr3
K0t-Bu'
MCH2V
n = 2 or 5
^CH2)-
(CH2) n
-
n = 2, yvp
n = 5, 22/o
<T
(CH2)^
H3CLi
>
ether V(CH2) /
n = 2, small amount
n = 5, 52$
Moore found that 7,7-dibromonorcarane reacted with methyllithium in ether
-
cyclohexene at -8o° to give two interesting products (XXXXII and XXXXIII) (53) «

- lk -
HaCLi, -80°
ether, cyclohexene
+
XXXXII XXXXIII30^ Juuuu.il iafo
Without cyclohexene, XXXXIII was not obtained. It was suggested that the spiropentane
formation might be general since in the presence of isobutylene, another spiropentane
(XXXXIV) was obtained.
r2
H3CLi
ether,
XXXXIV
The formation of spiropentane s in this manner appears to involve a carbene or carbene-
like intermediate. Further structural evidence for the carbene nature of the above
intermediate came about by the isolation of inter- and intra -molecular insertion pro-
ducts (54) .
ether
intramolecular
CH3
>CH-0~Et
insertion
> kCffo +
xxxxv XXXXVI
-23:1
These highly strained ring systems (XXXXV and XXXXVI) are of great interest. It was
also shown that the above intermediate added to olefins in a stereospecific cis-addition,
However, it did not react with t&tramethylethylene , presumably because of steric
hinderance
.
It was previously reported that 2,2-diphenylcyclopropylidine (from the presumed
diazocyclopropane) is stereospecific in its reactions with cis - and trans -2-butene (55)-
K/t
N;
However, Skattebfll reported allene formation from 1,1-diphenyl ethylene with no
evidence of a carbene intermediate (52). ,
J?\/ HsCU, 2C=c=CH;2C=CH2
It appears that carbenes are not usually precursors of allenes in these reactions.
If cyclopropylidine intermediates are formed, these carbenes must undergo valence
isomerization to allenes far more rapidly than they add to olefins. For systems
in which excessive strain would result from allene formation, the possibility for
trapping carbene or carbene-like intermediates is greatly increased.
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STEREOCHEMISTRY OF SOME MICROBIOLOGICAL KETONE REDUCTIONS
Reported by Philip C. Kelley March l4, 1963
The dsvelopment of methods for determining absolute configurations of ketones and
secondary alcohols in the past decade has stimulated study of microbiological reductions
of ketones . In particular, the work of Prelog and coworkers with bicyclic ketones has
grown out of the study of steroid transformations by microorganisms.
Reduction of Ketosteroids. --Microbial transformations of steroids have been well
reviewed (1, 2) . Some recent work has extended the scope of microbiological reductions
of ketosteroids « Several organisms are known which can reduce C-20 carbonyl groups
to yield the corresponding 20f3-hydroxy derivatives (1, 3), but only recently a strain of
Rhodotorula glutinis was found to reduce the C-20 carbonyl of four different ketosteroids
to the 20Q!-hydroxy derivatives (4), Unsaturation adjacent to a carbonyl group ordinarily
prevents its microbiological reduction, both in the steroids and in the bicyclic ketones.
One organism has been discovered to circumvent this problem by reducing both the double
bond and the 3-carbonyl group of cortisone and Cortisol (5)°
The high substrate specificity of most microorganisms toward steroids complicates
experiments in which effects of certain structural changes are studied. An additional
complication in experiments with steroids is that generally only one optical isomer of a
compound is readily available. For these reasons, Prelog and coworkers turned to experi-
ments with simple bicyclic ketones analogous to steroid ring systems.
Reduction of Bicyclic Ketones. --Prelog included in his preliminary experiments a
number of microorganisms known*. to attack steroids by oxidation. Each of the microorganisms
was tested by incubating a growing or resting culture on a medium containing a few milli-
grams of the experimental compound. Extracts of the cultures were subjected to paper
chromatography. Those microorganisms which were found to attack the substrate and give
the least complicated reaction mixtures were used in preparative runs. It was assumed that
simple reaction mixtures indicated a simple enzyme system which might be isolated for fur-
ther study. Preparative runs used concentrations of about one gram per liter to minimize
toxic effects (6),
Most of the reaction products were secondary alcohols produced by reduction of the
corresponding ketones. Oxidation occurred in only a few cases despite the strong aeration
under which the reactions were carried out. The microorganisms were divided into two
groups on the basis of the stereospecificity of these products. Aspergillus niger typifies
those with low stereospecificity. It reduces the 8-carbonyl of racemic ("£)-A4-9-niethyloc-
talin-3,8-dione (I, II) to give all four possible stereoisomers of A'i~9-methyl-8~hydroxy-3-'
octalone ( III-VT) (7). Curvularia falcata is typical of those with high stereospecificity.
It reduces a racemic mixture of I and II to yield only the alcohols with the (8s)
configuration (III and Vl) (8). (For asymmetric configuration nomenclature see Ref. 9«)
Therefore, C. falcata was chosen for extended microbiological and enzymological studies.
h3c f H3c Qii
-1-
(8s,9s).(+) IV (8r,9s)(-i-)
H3C 0H
+
II (9R) (-)
V (8r,9R) (-) VT (8s,9R) (-)
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Mierobiological reductions were performed on several 1-decalone, 2-decalone, and
hydrindanone derivatives. The compounds and their decomposition products are listed
below. The details of the workup of the trans-decalin-l,4-diones will serve to illustrate
the chemical and physical methods used ( 10 J
.
jCo falcata was cultured in 2, 5 liters of medium containing one gram of racemic (-)-
trans-deealin-1
,
k dione. This culture was extracted with ether and the products were
separated by chromatography on alumina. Four compounds could be isolated: (kS^R.) -k-
hydroxy-trans-1-decalone ( IX ) , ( 4s,9S) -^-hydroxy-trans-i-decalone (X), (1S,4s,9R) -trans-
decalin-l»4-diol (XI), and ( IS , k-S
,
9S) -trans-decalin-1 , 4-diol (XIl). These structures and
configurations were determined as follows:
+
VII (-)
VIII (+)
Compounds IX and XI gave the levorotatory trans-decalin-1, 4-dione (VIl) on oxidation
with chromic oxide-pyridine complex while compounds X and XII gave the dextrorotatory
enantiomer (VTIl).
The optical rotatory dispersion curves were important in determining the absolute con-
figurations of compounds VTI--X. The levorotatory diketone and the hydroxyketone IX show
a strong negative Cotton effect while the dextrorotatory diketone and the hydroxyketone X
show a strong positive Cotton effect. By comparison with compounds XIII and XIV of known
absolute configuration which display negative Cotton effects (11, 12) , the levorotatory
diketone is seen to have the ( 9R) -configuration (VH)„ The dextrorotatory diketone accor-
dingly has the ( 9S) -configuration (nil). The absolute configurations at C-9 of the
hydroxyketones follows from their Cotton effects as well as from their relationship to
the diketones, CH(CH3 ) 2
CH3
H
XIII XIV
The relative configuration of the 4-hydroxyl group was determined by the method of
Schreiber and Eschenmoser (13)- The hydroxyl group was oxidized under standard conditions
with chromic oxide in acetic acid and the reaction rate was measured. The oxidation rate,
k*, is defined as k(R0H)/k(.3P-hydroxycholestane) where k represents the respective rates
of oxidation.. An axial hydroxyl group is characteristically oxidized faster than an
equatorial hydroxyl group. Compound IX was more easily oxidized (k* - 0.5) than compound
X (k*=0.25). Therefore, the hydroxyl group of compound IX is axial and the configuration
is (4s), and the hydroxyl of compound X is equatorial, giving this compound a (4s) -confi-
guration also.
The configuration at C-4 was confirmed by the asymmetric synthesis of atrolactic acid
(14), a method earlier reviewed by Prelog (15), This method is frequently used to
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determine the configuration of an optically active alcohol in which the three substituents
differ appreciably in size as in XV. The alcohol is converted to its substituted glyoxylic
acid ester which tends to assume the sterically favored conformation XVI c The sterically
controlled attack of a Grignard reagent on the ester forms compound XVII in excess; this
in turn is hydrolyzed to form the optically active acid XVIII which is then isolated
.
Compound K was converted by' Wolff-Kishner reduction to dextrorotatory ( 1S,9S)
-
trans-1-dec-
M S M S
i M, X.
' L x x0'
;vti
R2
COOH
>- HO^C*CH3
COOH
I
R2^C4I0H
I
Ri
XVIII
bo R=-C-C-0
alol (XlXa) whose infrared spectrum, in chloroform was identical with that of the authentic
raceclc compound. Reaction of the phenylglyoxylic acid ester (XlXb) with methylmagnesium
iodide gave an excess (15^) of (-)-) -atrolactic acid (XX) indicating a (ks) -configuration.
Compound IX was treated similarly and gave a smaller (2$) excess of (+) -atrolactic acid,
again indicating the (4s) -configuration. Smaller specificity is expected with axial hydrolysis.
The absolute configurations of the diols XI and XII at C-9 were shown to be (9R) and
(9S) respectively by oxidation to the corresponding diketones. The configurations of
the hydroxyl groups at C-l and C-4 were revealed by partial oxidation to the hydroxy ketones.
Compound XI gave chiefly hydroxyketone IX and compound XII gave chiefly hydroxyketone X
indicating ( IS, ^S) -configurations for both diols. This is supported by the relative rates
of oxidation. Diol XI with two axial hydroxyls is oxidized faster (k*=6.0) than diol XII
with two equatorial hydroxyls (k*=l.l).
The paper chromatographic behavior of the products is in accord with the assigned
configurations. It is known that compounds wich equatorial hydroxyls are more polar and
move more slowly than those with axial hydroxyls (2k). The Rf values follow this rule:
IX(0.76) > X(0.68) > XI(0.49) > XII(0.27).
Other compounds were subjected to microbiological reduction with C. falcata to determine
the effects of varying substituents and ring sizes. It was found that reaction rates and
the degree of stereospecificity varied, but that the (S) -configuration was consistently
favored in the products.
Reduction of cis-decalin-1 , 4-dione gave the three products shown below, but these were
not obtained in a pure state due to a tendency to isomerize to the trans compounds (10).
+
XXI
1(9)
XXII XXIII XXI v
(-)-A4 -8-Methylhexahydroindene-l,5-dione was reduced stereospecifically^ hut more
slowly than the six-membered ring ketone. Reduction of the (Sr) -enantiomer proceeded
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o
J^T
xxv (+) (8s) XXVI (is, 8s) XXVII (-) (8r) XXVIII (is, 8r)
more slowly than reduction of the ( 8s) -enantiomer (l6), probably due to a steric hind-
rance by the methyl group to the approach of the reducing coenzyme from the rear of
the molecule as it is drawn. The assigned configurations were also confirmed by atro-
lactic acid syntheses (17).
Racemic cis - and trans -( -) -9-methyldecalin-l,6-diones were reduced at both C-l and
C-6 to produce the hydroxyketones and diols shown below as the principle products (6,
l8, 19). Here also the methyl group which projects to the rear in the ( 9R) -configura-
tion was found to hinder the reduction of the C-l carbonyl group. It was noted that
reduction at C-6 was less stereospecific than reduction at C-l. In order to study
+
xxix ( 9s) xxx (6s, 9s)
H,C
°
xxxi (is, 9s) xxxii (is, 6s, 9s)
iuc
0H
XXXIII (9R) xxxiv (6s, 9R)
H,0 °H H,C
XXXV (IS, 6s, 9E)
II,C
°
xxxvi (9s) xxxvii (is, 9s) XXXVIII (9R) XXXIX (6s, 9R)
this difference in a simpler system, the cis - and trans -I- and 2-decalones were sub-
jected to reduction by C. falcata . The racemic 1-decalones yielded only the product
with (IS) -configuration, but the racemic 2-decalones yielded products which were par-
tially racemic, containing (2S) -enantiomer in larger proportion (6, 20) . When ("t)-
cis -1-decalone is the substrate, reduction of the ( 9R) -enantiomer is favored. A pos-
sible explanation for this is offered in the enzymological theory covered below.
H i? H ?
H
H 8 H °
H
XL I (is, 9s) XLII (9R)
> N.R.
XLIV (9s)
XLIII CIS, 9R)
OH
XLVI flS, 9R)

XLVIII (2S, 9S)
H
L (9R) LI (2S, 9R) LII (2R, 9r)
Co falcata acted on trans- and cis-decalin-1
,
5-dione as follows (21)
:
LIU
H
LIV LV LVI
H
LVI I
+
LVI II LIX
+
LX LXI LXII
The total yield reported was over 99 per cent. Generally the yields in the oxidations
reported here were above 80 per cent. The relative yields of hydroxyketones and diols
could be varied by varying the time of incubation in the oxidations of diketones.
The reduction of A9-octalin-l,5-dione by C. falcata , of special interest because it
has no asymmetric carbon atom, yielded ( 5S) -5-hydroxy-l-octalone as the only product
(22). The structure of the product was confirmed by reduction to LIV which was already
known
.
Li_
ML
LXIII LXIV
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Finally, methyl ethyl ketone was reduced stereospecifically to (2S) -2-butanol (6)
All of the reductions with C. falcata of ketones in which the two substituents dif-
fered significantly in size thus led to products of the ( S) -configuration as shown.
A
LXV LXVI
L S
LXVII
HO H
L S
LXVI I
I
Enzymological Studies . --The enzymes which control ketone reductions by jC. falcata
were isolated by fractional precipitation with ammonium sulphate and chromatography
on hydroxyapatite or aminocellulose (6, 23, 25). Two dehydrogenases were found which
could be distinguished by their substrate specificity. The more active of these was
thoroughly studied and found to be dependent on nicotinamide-adenine-dinucleotide
phosphate ( NADPH=TPNH) - This enzyme reduced the dextrorotatory trans-decalin-1
,
k-
dione (VIIl) eight times as fast as it reduced the levorotatory enantiomer ( VII ) and
attacked from the axial side yielding equatorial hydroxy-compounds ( X and XIl) . It
was therefore designated the a-ketonereductase. The less active enzyme was found to
be NADPH dependent and to react almost exclusively with the levorotatory substrate
(VIl) , attacking from the equatorial side. Therefore, it was called the e-ketone-
reductase. Thus both enzymes possess the same product stereospecificity.
An experiment with deuterated NADPH, prepared from steroid-dehydrogenase and D-
glucose-(l-D) , showed that hydrogen was transferred directly from NADPH to the sub-
strate. No deuterium was incorporated from heavy water.
Interpretation . --Although the kinetic analysis had not been completed, Prelog as-
sumed that the Theorell-Chance mechanism (26) and thus the component order, enzyme-co-
enzyme -substrate, in the ternary complex was valid for these ketonereductases. Kinetic
analysis of several dehydrogenases has verified this order for those enzymes (27).
Of several possible structural relationships of enzyme, coenzyme, and substrate in the
complex, those shown below were chosen as the most favorable energetically. The enzyme
is seen to screen one side of the 1,4-dihydropyridine part of the coenzyme. The ap-
proach of the substrate to the enzyme-coenzyme complex is controlled by repulsions be-
tween the L and S substituents of the carbonyl group and the NH2CO-group (R in the
figures below) and 5-hydrogen in the screened coenzyme.
a-approach e-approach
This theoretical picture offers a possible explanation for the failure of C. falcata
to reduce ( 9S) -cis-1-decalone (XLIV). The cis configuration places C-4 and C-5 in a
position where they may prevent the close approach of the cis -decalone to the a-ketone-
reductase -NADPH complex.
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APPLICATION OF CIRCULAR DICHROISM TO ORGANIC CHEMISTRY
Reported by Gwendolyn Neal March 28, I963
Introduction and Theory , -- Plane polarized light may be regarded as the resultant
of two components, right circularly polarized light and left circularly polarized light.
When such a beam of light is passed through a medium, two properties may be affected:
the velocity of the beam, which is proportional to the index of refraction- (n) of the
medium, and the absorption of the beam, which is proportional to the absorption coef-
ficient (k) . If an optically active species is placed in the path of the light, the
velocity and absorption of the left circularly polarized component will be affected
differently from those of the right component (1), These phenomena always occur to-
gether and are known as the "Cotton effect" (la) . This effect is associated with two
physical methods for structure determination, optical rotatory dispersion (0. R. D.) and
circular dichroism (C„ D.)
,
Plane polarized light traversing a medium with components of measurably unequal
velocities but essentially equal amplitudes will yield plane polarized light, which is
rotated with respect to the incoming ray (lc) . (Actually, the light is slightly ellip-
tically polarized, but the ellipticity is meaningfully large only in the vicinity of
the Cotton effect and can be assumed to be negligible in other regions,) This rotation
is proportional to the molecular rotation [<$>] (equation 1) which can be plotted as a
function of wave length to yield the conventional optical rotatory dispersion curves
„
[J-f i^-Vil -MnS5-°T £ (1)
where nr (n^) = the index of refraction of left (right) circularly polarized light, M =
the molecular weight of the compound, X = the vacuum wave length of the light, a =
the angle of rotation per unit wave length, and C = the concentration in g,/cc„ The
absorption phenomenon associated with circular dichroism gives rise to a difference in
the amplitudes of left and right circularly polarized light so that the emerging ray is
elliptically polarized. Its ellipticity is proportional to the molecular ellipticity
[0]- (equation 2) which when plotted versus wave length yields circular dichroism curves,
where k^ and kp = the molecular absorption coefficients for left and right circularly
polarized light, respectively,
A clarification of some of the units involved in these studies is necessary. In
equation (1) for example, the a in radians/cm, is not the same experimental cc in degrees/
dm„ ([a] = 100 a/lc, where 1 = the length of the cell in decimeters and c = the con-
centration in g„/l00 ml,) that organic chemists obtain from polarimetric measurements.
In defining the ellipticity (0) , kr and k^ are used. The absorption coefficient k is
only one of the three parameters, differing by constant values (equations 2b -d) (2),
used to denote circular dichroism.
Absorption coefficient k, I = I e~ (2b)
-Gel
Molecular absorp, coeff, £, I = lolO (2c)
Absorption index Tj
,
I = l e^M'A)
!
(2d)
k = 2,303 ce
where I is the initial intensity of the incident light, c Is concentration in moles/
liter, 1 is the length of the light path in cm, , and the various parameters take on
respective units to yield a unitless exponent. These are not tremendous differences,
but indicate some of the things an organic chemist should look for in doing detailed
calculations in this and other overlapping fields.
As in 0, R, D„ , the C„ D, curve is characterized by three parameters, A,S, the wave
length corresponding to maximum ellipticity) A^, the half width of the band) and RK , the
rotational strength of the kth transition (3)
:
R.
f°QK(x)ax.
x

hk
where (\)= the partial ellipticity for the kth transition, c = the velocity of light
in vacuo , and % = the number of molecules per cubic centimeter.
The fact that C. D. ard 0. R. D. measure different aspects of the same molecular
transitions and thus with care can be interconverted (except in cases where tailing
interferes with the conversion of 0. R. D. to C. D.) can be seen strikingly by comparing
the work of E. R. Blout and co-workers (5) to that of P. Doty and co-workers (k) . In
both of these independent studies, 0. R. D. curves in the far ultraviolet (UV) were ob-
tained for poly-L-glutamic acid. The former group obtained the 0. R. D. curve ( ---)
experimentally, while Doty calculated the same curve (-•-) from the experimentally de-
termined C. D. curve ( ) (Fig. 1) using Kronig -Kramers transforms (equation 3) to
generate the 0. R. D. Cotton effects from their respective C. D. maxima.
A. -A.I
(3)
where [mK ] is the mean residue rotation for the kth transition, [©£], \-&> and ^K are
constants, X is the wave length, and x is a function of the wave length and related
constants.
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Fig. la (5). O.R.D. for helical form
of poly-L-glutamic acid. ([R 1 ] = peak
residue rotation.)
Fig. lb (4). O.R.D. and CD. for
helical form of poly>L-glutami>. acid
An extensive mathematical treatment of C D. and 0. R. D. , including quantum
mechanical aspects, was done by Moffitt and Moscowitz (2, 6, 7«)
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Instrumentation . -- Optical rotatory dispersion has been studied rather extensively
with excellent results, confirming early stereochemical work on steroids and other
optically active compounds (la). However, although it examines the same structural
features (8) , circular dichroism has not been used until recently because a convenient
method of measurement of Ak was not available. The development of the following basic
instrument (9, 10) has made circular dichroism available to organic chemists. It now
competes with 0. R. D. ; in some instances it leads to more precise results and in at
least one case to inferior results.
The first instrument practical for routine measurements of C. D. was constructed
by M. Grosjean and M. Legrand (9) . Their instrument records a direct measurement of
Ak, which is obtained by modulating the frequency of the signal corresponding to (kr -
kR) , thus separating it from the much larger mean absorption coefficient k,(kL + kRy2.
A monochromatic beam, scanned from 2200 A to 6000 A over a period of twenty minutes,
plane polarized by a Rochon prism, is passed through a thin sheet of monoammonium
phosphate cut perpendicular to the optic axis. An alternating potential placed
across this plate circularly polarizes the incoming light alternately from left to
right and vice versa, going through all intermediate polarizations. After passing
through the cell, the light is converted to voltage by a photon multiplier. This
voltage can be separated into its two components, one alternating, corresponding to Ak,
and the other direct, corresponding to the mean absorption coefficient k. After
amplification and rectification of the alternating voltage, they are recombined and
their ratio recorded to yield a function of (k
T
-kR). A reproducibility of approxi-
mately 0.9$ over a period of a month is claimed.
Although the commercial instruments available are patterned after the French
instrument (Baird Atomic/Jouan Dichrograpb and others. See experimental in references
under applications
.) ,a less complicated instrument can be used to obtain a circular
dichroism curve. Left or right circularly polarized light can be obtained by passing
plane polarized light through a quarter -wave plate (X/h) which has been rotated by minus
or plus 45° with respect to the optic axis of the light (11) . By alternately rotating
the quarter-wave plate, a sinusoidal oscillation occurs in the transmission at A, (meas-
ured by a Beckman DK-2A) . The difference between the maximum and minimum amplitude is
Ak at this wave length. By varying X, a C. D. curve can be obtained (K) .
Nomenclature and Recording . -- It has been suggested by K. Mislow that the terms
"positive maximum" and "negative maximum" be used exclusively in describing C. D. curves
rather than maximum and minimum or peak and trough (12) . This distinction' is important
because the C, D. extrema closely follow those of the corresponding UV maxima and
represent the entire 0. R. D. Cotton effect curve.
The unit of molecular ellipticity [9] has been suggested (13) by C. Djerassi and
E. Bunnenberg for use in recording circular dichroism curves because it gives orders of
magnitude approximately equal to those of molecular rotation [ft] for optical rotatory
dispersion. The units of ellipticity are interconvertable by equation 3} i.e . , by multi-
plying or dividing by 3300.
[©] -2.303 (^500A)(€L
-e
R) (3)
In cases when the curve cannot be reproduced, they have suggested that the C. D.
maximum, the end points, solvent, concentration, and temperature be recorded. For
theoretical studies involving rotational strength, A. Moscowitz has suggested reporting
the band width at half maximum.
Applications . -- L. Velluz and co-workers (10) laid the experimental ground work for
future workers in C. D. by reporting spectra on compounds closely paralleling those
studied by C. Djerassi and co-workers in early work on 0. R. D. (la). The rather sim-
plified circular dichroism curve in Fig. 2 gives information identical to that obtained
by 0. R. D. The close agreement in stereochemical information obtained from the two
methods is fairly representative of this work, although these authors realized the
inherent advantages of C. D, over 0. R. D. in several examples.

-0.5
-1 •
250 300 350 X (mu)
Circular dichroism curves of saturated 3-keto steroids.
Rx= OH, OAc, CH3 , or —/ N—< }
Fig. 2 (10)
R2= OH, OAc, CH3 , or / *-C02CH3 .
Investigation of the three C. D. parameters, \^, A$, and R^, defined earlier,
leads to the same general conclusions as in 0. R. D. (10) : (1) the shape of the curve
is not affected appreciably by non-chroraophoric groups in remote parts of the molecule
(Fig. 2)', (2) simple saturated ketones exhibit a X.^ at approximately 300 "I 5 W-? (3)
the fine structure is characteristic of the position of the carbonyl in the ring (This
effect was observed in other examples in which the ketone is placed at the 11, (10, l^f
,
17, 20, 6, 7, 12, and l6 positions of steroids (10).); and (h) the sign of the maximum
is highly characteristic of the stereochemistry at the ring juncture of the ring
containing the chromophore. Further research in the steroid area has included unsat-
urated' keto-steroids (10, 15) , diketo-steroids (9, 10), a-keto-epoxy-steroids (16)
,
nitrous esters of hydroxy steroids (i7) , and more recently the 20-amino~steroids (18)
.
The CD. curves of the Schiff bases prepared from several 20-amino-steroids and
salicylaldehyde are interesting because the 20-a-(S) -amino compounds give positive
IS.
xsaliSa cyl
Fig. 3 (l8) • C D. curves for the Schiff bases of the 20-amino steroids Via and
VIb. la, lb: Rx = cc-H, OH = 0j 2a, 2b: ring A is aror^cic; and
3a, 3b: Rx = 0-H, OH = a.
maxima, while the 2O-0-(R) -isomers give negative maxima (Fig. 3). The sign of the CD.
curve is independent of the stereochemistry at the ring juncture of rings A and B.
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Some of the advantages of circular dichroism over optical rotatory dispersion can
be shown for the case of the thio-carbonyl group (C=S) (19)= The UV, 0. R, D. , and C.
D„ curves in Figs, h and 5 illustrate the fact that in some instances, 0. R„ D. and
C. D. give the same information (Fig. k) in others circular dichroism clarifies the
0. Ro D. curve (Fig. 5). The C. D. curve of 5a-pregnan-2Cf3ol methyl xanthate (VII) in
isoftctane affords the same information as the 0. R. D. curve (Fig. k) . However, the
0. R. D, Cotton effect curve of methyl a-D-glycopryanoside-6-( S-benzyl) xanthate (VIII)
is shown by only a slight inflection in the vicinity of 35^ mu. That this is indeed a
250 300 35 O 400
Fig. h (19). CD., O.R.D., and UV
curves for xanthate VII.
H2O-CSCHg0
VII
250 300 350 400
Fig. 5 (19). CD., O.R.D., and
UV curves for xanthate VIII.
OMe
The standard notation for
this abstract unless other
wise stated is CD. (—) ,
O.R.D. (—) , and UV (-.-)
VIII
"negative" Cotton effect superimposed on a positive background rotation is clearly
demonstrated by the negative maximum in the C D. curve (Fig, 5) • L. Velluz and co-
workers have pointed out the same advantages using the carbonyl chromophore ( 10)
.
One of the more important results of 0. R. D. measurements, the determination of
absolute configuration of a-hydroxy acids, has been duplicated by C D. in the region
of 350 m|a (19) . In order to compare the 0. R. D. and C D. curves of these acids with
those of the dithiocarbamates of CH-amino acids of known configuration, the a-hydroxy
acids were converted to the dithiocarbonates . However, at wave lengths lower than
300 mu, high dilution studies were necessary and led qualitatively to results incon-
sistent with those at higher wave length. Absorptions in the lower wave length region
have tentatively been assigned to other substituents in the molecule, but with the
present instrumentation, this assignment cannot be made with certainty. Other thio-
carbonyl groups were studied including N-thiocarbethoxy-amino acids, 3-phenyl-2-thio-
hydantoins, and acyl thioureas, and essentially identical information was obtained by
both methods.

1*8 -
Another interesting chromophore involving sulfur is the disulfide linkage. Compar-
ison of the three curves of the disulfide IX (Fig. 6) shows the location of a positive
Cotton effect in the C. D. curve which is not observed in the 0. R. D. and UV curves (19).
The curves for the corresponding diselenide are given by Djerassi for comparison. Both
of these examples illustrate the fact that 0. R. D. and D. C. give information that is
obscured in the UV.
IX
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Fig. 6 (19). O.R.D., CD., and UV of the disulfide (IX)
.
;tudies have shed considerable light onIn the steroid system, circular dichroism
the 0. R. D. of a-iodo-keto-steroids (20) . In a recent study, C. Djerassi and co-
workers have located the n-it* transition of a-iodo ketones and related it to C. D. and
0. R. D. Shifts in this band occur with change in the orientation of the halogen atom
(21) . The a-bromo and a-chloro ketones have been studied extensively, but the a-iodo
compounds have not been useful because they exhibit anomolous behavior; i.e ., the UV
hypsochromic shift (compared with the halogen free compound) for the a-iodo ketone does
not correspond to the 0. R. D. bathochromic shift observed. This anomoly had been
earlier ascribed, without experimental evidence, to an optically inactive band at 258
mu. caused by the iodide (20) which masks a second UV absorption near 290 mu. for the
low intensity Cotton effect. C. D. measurements on compounds X and XI, differing only
in the orientation of the iodine atom, have now confirmed this view (Fig. 7 and 8) . The
equatorial iodo ketone (X) exhibits a negative 0. R. D. and C. D. Cotton effect as
^
c
o
H.
a>
= - 12
10
230 250 3C0 35 40C
Fig. 7 (21) . CD., O.R.D,, and
UV curves of 6a-iodocholeston-7-
one.
230 250 3CO 4 OO
Fig. 8 (21). CD., O.R.D. , and UV
curves of 6p-iodocholeston-7-one.
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the parent halogen free compound,while the axial 6p -isomer (XI) exhibits a positive CD.
and 0. R. D. Cotton effect. The "axial haloketone rule" (22) predicts this behavior.
The n-jt* transition (285 mp) in the equatorial isomer (X) was not shown in the
UV, "but was revealed in the C. D. and 0. R. D. curves. This transition for the axial
isomer (XI) at 319 mp (shifted from 285 mp) occurs in all three spectra. This is the
only a-iodo ketone, studied so far, which shows the optically active n-rt* transition (20).
The iodine absorption for the axial a-iodo ketone is shifted from 255 m^ "to 272
mu, typical of an axial a-halo ketone. The dotted portion of the C. D. curve below
270 mu (only qualitatively significant) indicates the beginning of a new C. D. maximum
which may indicate that the 255 mM- iodine absorption is also optically active.
One class of optically active compounds distinctly different from the steroids and
sulfur compounds is the "inherently dissymmetrically chromophores" (23) . Compounds which
contain 3, /-unsaturated ketones or twisted biaryls form two important groups of this
class. The C. D. curves of two typical examples from these groups, dehydronorcamphor
XII (Fig. 9) and dimethyldibenzsuberone XIII (R) and XIV (S) (Fig. 10) follow the
generalized octant rule (2k, 25) i.e . , an overall positive sign of the Cotton effect
indicates the stereochemistry shown in structures XII, XIII, and XIV. These curves
show the advantage in reducing the overlap of Cotton effect curve tailing by C. D. The
notation used in Figs. 9 and 10 is ( ) = the experimental C. D. curve, (---) = the
UV, and (-•-) = the calculated C. D. curve. The C. D. curve was calculated from the UV
absorption curve following the same assumptions which Mislow and Moscowitz used in an
earlier calculation of the 0. R. D. curves from absorption curves (2k , 25).
20
16-
12-
CO
OH
a>
240 260
Fig. 9 (23). C.D. and UV of
dehydronorcamphor (XII)
.
XIV
240 250 260270 280 290 300310 320 330
Fig. 10 (23). C.D. and UV of dimethyldibenzsuberone
i, ,« -, „ «• . a , (XIII and XIV),K. Mislow, C. Djerassi and co-workers, have extended the study of circular dichroism
more recently to include bridged and unbridged biphenyls and binaphthyls (12). These
compounds are theoretically interesting and a study of their spectra in the region
2^+0 mp to 400 mp illustrates the relative advantages of 0. R. D. and C. D.
The unbridged biphenyls XV show characteristic C. D. maxima near 300 mp and 3^0
mp (Fig 11). Positive maxima are common to unbridged biphenyls with an (R) -configura-
tion. C. D. has shown the transition at 300 mp to be optically active, a fact which was
obscured by "tailing" of neighboring 0. R. D. Cotton effect curves.

50 -
-9
24 300 350 400 220 25 300 350 4 00
Fig. 11a (12). CD. ( ) and UV
(---) of the biaryl XVa R = CH3 , S-
configuration.
XV
Fig. lib (12). CD. ( ) and UV (---)
of the biaryl XVIa, R = C(C02Et) 2 , R-
configuration.
XVII XVIII
XVI
The C D. curves of bridged biphenyls (XVI) exhibit new characteristics and con-
firm those observed in the 0. R. D. curves. Both methods show Cotton effects of oppo-
site sign centered near 260 mu and 330 mu. and indicate an ( R) -configuration if the 330
mu maximum is negative (Fig. 11). Bridging enhances the intensity of both maxima,, but
does not cause a shift to longer wave length, a fact observed in both spectra. In
contrast, a new negative C D. maximum at 290 mu, present in neither 0. R. D. nor UV,
appears as a sharp weak transition.
The studies on bridged and unbridged binaphth.ylr: XVII and XVIII yielded results
similar to those above. C. D. curves also may reveal transitions which are hidden in the
absorption curve itself. One example of this is shown in a study of bridged and un-
bridged aryl amines carried out by this group (12)
.
However, in one particular field, 0. R. D. has yielded information which was not
readily obtainable by circular dichroism. The tailing of Cotton effect curves can be
put to advantage in detecting "invisible giants," defined by K. Mislow as "high-intensity
Cotton effects lying in the wave length regions which are at present spectropolari-
metrically and spectrochrometrically inaccessible" (12)
.
In a broad sense then, circular dichroism is the method of choice and would be
used exclusively if instrumentation were unlimited. It is sufficient at present to
realize the abilities implied by both methods and wherever possible record both C D.
and 0. R. D. curves along with absorption spectra (UV).
0. R. D. is perhaps insufficient for the theoretician who usually requires the more
discrete method. This discreteness of C D. leads to simpler spectra. Several theoreti-
cal studies which employ circular dichroism have been carried out recently (k
,
26-28)
.
There are other papers concerning C D. which include general theory (29-31) , instru-
mentation (32,33, 36), and a study of other chromophores (3it--36) .
K. Mislow (37) has posed an interesting circular dichroism problem which might be
typical of some of the things C. D. will bring, with improved instrumentation, in a few
years. If a racemic mixture of dehydronorcamphor (XII) is subjected to a C D.
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measurement in iso-dJetane, it is agreed that no net absorption is observed.
However, if an optically active solvent is used, (+) -2-octanol, the two enantiomers
should be complexed differently by the solvent. This should give rise to a shift in
the C. D. maximum for one isomer yielding a slight sinusoidal inflection caused by
addition of the two theoretical peaks which added to zero in the optically inactive
solvent, but are shifted in this case and do not add to zero. In the actual experiment,
no absorption was observed, but he believes this is caused by a lack of sensitivity of
the instrument. It should be noted also that the enormous tailing of the 0. R. D. Cotton
effect curve at approximately 200 mu corresponding to the optically active solvent,
would completely exclude the use of optical rotatory dispersion.
Circular dichroism is an interesting phenomenon and will be used by both
theoretician and experimentalist in the immediate future to uncover new chemical
interests and confirm old ones.
BIBLIOGRAPHY
1. a) C. Djerassi, "Optical Rotatory Dispersion," McGraw-Hill, New York (i960), 150.
b) W. Kuhn, Ann. Rev. of Phys. Chem.
, % 4l7 (1958). c) J. R. Partington, "An
Advanced Treatise on Physical Chemistry," Longmans, Green, and Co., New York, vol.
IV, 381, and references cited in these.
2. A. Moscowitz, "Advances in Chemical Physics," Interscience Publishers, New York,
vol. IV, 67 (1962)
.
3. Chapter 4 in reference la.
Holzwarth, W. B. Gratzer, and P. Doty, J. Am. Chem. Soc, 84, 3195 (1962) .
R. Blout, I. Schmier, and N. S. Simmons, J. Am. Chem. Soc, 84, 3193 (1962) .
Moffit and A, Moscowitz, J. Chem. Phys., 30, 648 (1959)
.
Moscowitz, Chapter 4 in reference la.
Legrand and J. Mathieu, Bull. Soc. Chim. Fr., 1679 (1961)
.
Grosjean and M. .Legrand, Compt. rend., 251, 2150 (i960) .
Velluz and M. Legrand, Angew. Chem., 73 , 605 (1961)
.
M. Lowry, "Optical Rotatory Power," Longmans, Green, and Co., London-New York-
Toronto, 1935.
12. K. Mislow, E. Bunnenberg, R. Records, K. Wellman, and C. Djerassi, J. Am. Chem. Soc,
85, (1963) - in press.
13. C. Djerassi and E. Bunnenberg, unpublished data.
14. A. Lacam and R. Viennet, Bull. Soc Chim. Fr. , 197^ (19&-).
15. M. Legrand and R. Viennet, Compt, rend., 254, 322 (1962).
l6o M. Legrand, R. Viennet, and J. Caumartin, Compt. rend., 253,2378 (1961)
.
17. M. Legrand and R. Viennet, Compt. rend., 255, 2985 (1962).
18. D. Bertin and M. Legrand, Compt. rend., 25o7 960 (1963)
.
19. C. Djerassi, H. Wolf, and E. Bunnenberg, J. Am. Chem. Soc, 84, 4552 (1962).
20. Page 115, reference la.
21. C. Djerassi, H. Wolf, and E. Bunnenberg, J. Am. Chem. Soc, 85, 324 (1963) .
22. C. Djerassi and W. Klyne, J. Am. Chem. Soc, 79, I506 (1957)-
23. E. Bunnenberg, C. Djerassi, K. Mislow, and A. Moscowitz, J. Am. Chem. Soc, 84, 2823
(1962)| Correction Table, J. Am. Chem. Soc, 84, 5OO3 (1962) .
24. K. Mislow, M. A. W. Glass, A. Moscowitz, and C. Djerassi, J. Am. Chem. Soc, 83
,
2771 (I96l)»
25. A. Moscowitz, K. Mislow, M. A. W„ Glass, and C. Djerassi, J. Am. Chem. Soc, 84 ,
1945 ( 1962)
.
26. R. C. Cookson and S.Mac Kenzie, Proc Chem. Soc, 423 Q-96l) .
27. A. Moscowitz, Tetrahedron, 13, 48 (I96I)
.
28. S. F. Mason, Proc Chem. Soc, 362 (1962) .
29. E. U. Condon, Revs. Mod, Phys., 9, 432 (1937).
30. W. J. Kauzmann, J. E. Walter, and H. Eyring, Chem. Revs., 26, 339 (1940)
.
31. L. Velluz, Compt. rend., 254, 969-974 (1962)
.
32. M. Grosjean, A, Lacam, and M. Legrand, Bull. Soc Chim. Fr., 14-95 (1959).
33. J. Badoz, M. Billardon, and J, Mathieu, Compt. rend., 2J1, 1477 (i960) .
34. S. Mitchell and K. Schwarzwald, J. Chem. Soc, 889 (1939).
35° H. Brockmann, Jr., and M. Legrand, Naturwis sens chaften, 16, 37^- (1962) .
36. L. Velluz, M. Legrand, and R. Viennet, Compt. rend., 255, 15 (1962).
37- K. Mislow, private communication.
38. F. M. Jaeger, "Optical Activity and High Temperature Measurements," Mc-Graw-Hill,
New York, (1930) , p. 232.

-52-
SOLVENT EFFECTS Oil THE CHEMICAL SHIFTS OF PROTOIJS IN N.M.R.
Reported by Richard F. Schimbor April 15, 1963
The differing chemical shifts of protons in n.m.r. spectra are an important source of
information in determining the structures of organic compounds. For this reason, it is of
extreme importance that valid, general correlations be made between the observed chemical
shifts of protons and their molecular environment. This effort has been hindered in the
past because of the often anomalous and unexpected effects of solvents on proton chemical
shifts. These solvent effects are only now beginning to be understood completely, yet it
is likely that in the future they themselves will provide a valuable tool in the analysis
of n.m.r. spectra. An example of the potential utility of solvent effects has been pro-
vided by Schneider and Schaefer (l) in a paper on the assignment of the signs of the
different coupling constants in vinyl bromide.
Solvent Effects on Alcohols. --The history of solvent effects in n.m.r. may be con-
sidered to begin with the observations of Arnold and Packard in 1951 (2). These workers,
in the course of a systematic investigation of the n.m.r. spectra of methanol and ethanol
observed a change in the chemical shift of the hydroxyl proton of these compounds on dilu-
tion with inert solvent. This "dilution shift" was found to approximate closely the effect
obtained when the spectrum was run at elevated temperatures. In both cases flower concen-
tration, higher temperature) a shift to higher field was observed for the hydroxyl proton.
Later, Cohen and Reid (3) re-examined this effect and found that when large amounts
of inert solvents were added to solutions of ethanol and other alcohols, the peak corres-
ponding to the hydroxyl group was shifted above that of the methylene group and, at infi-
nite dilution, above that of the methyl group. The total change in chemical shift in
going from concentrated to dilute solution was quite large, amounting to 200 cps at ^0 Mc
( 5 PPm)
.
The explanation for these observations is that alcohols form intermolecular hydrogen
bonds readily in concentrated solutions. Ogg (h) has pointed out that the presence of
hydrogen bonds tends to reduce the effective electron density in the neighborhood of the
proton involved and thereby reduce the magnitude of the screening due to local diamagnetic
currents. This decrease in screening, of course, results in a shift to lower field when
hydrogen bonds are formed. This shift may be reversed by diluting the compound and pre-
venting the formation of the hydrogen bonds. The dilution technique has been applied in
assigning conformations (5) and investigating steric effects on hydrogen bonding f' G) . A
number of other examples of hydrogen bonding in alcohols, amines, and acids are reviewed
in Pople, Schneider and Bernstein (7).
Chloroform. --An effect similar to the above, but certainly more surprising, was
observed by Huggins, Pimentel and Shoolery (8), who found that the proton n.m.r. spectrum
of chloroform changed markedly when either acetone or trimethylamine was added. The reso-
nance line of the chloroform proton was found to move to lower field with increasing con-
centration of these solvents. Schneider (9) extended this study to other hydrogen
bonding solvents and found that the effect on the chloroform resonance signal was general.
Further evidence for the existence of such hydrogen bonding has come from infrared
studies which show two distinct infrared absorption bands in the C-D stretching region for
the deuterochloroform-trimethylamine system fio). These bands correspond to the hydrogen
bonded and non-hydrogen bonded chloroform molecules. Since only a single peak is seen in
the n.m.r. spectrum of chloroform, even in the presence of hydrogen bonding solvents, the
interconversion between these two forms must be extremely rapid.
In 1956, Schneider (11), et al. , began to study the formation of molecular complexes
between inorganic acids like hydrochloric acid and organic compounds containing jt bonds.
His group found, by using freezing point diagrams, that they could demonstrate the exis-
tence of such molecular addition compounds in mixtures of inorganic acids with alkenes,
alkynes, and aromatic compounds. Since no such complexes were formed with alkanes, the
involvement of the it bond was indicated. This type of hydrogen bonding between acidic
1 hydrogen atoms and electrons was called n-type to differentiate it from the n-type involving
an unshared electron pair.
During the course of this work, these authors found, rather surprisingly, that
chloroform behaved similarly to hydrochloric acid both in its complex formation with it-
donors and with respect to the low field shifts of the proton resonance. On pursuing
this observation, Reeves and Schneider r 12) discovered that solutions of chloroform in
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toluene and mesitylene showed shifts to higher field for the chloroform proton than those
observed in inert solvents. That these shifts were not due to the elimination of some
kind of self association of chloroform was shown by the small temperature dependence of the
'signal of pure chloroform and the small shift of the proton resonance on dilution with
cyclohexane. The changes in chemical shift for chloroform in going from mole fraction 1.0
to "infinite dilution" in a number of solvents are shown in Table I.
TABLE I
Solvent Corrected s i i ft Solvent Corrected shift
Mesitylene 68 cps o-Dichlorobenzene 27-3 cps
Toluene 65 cps Bromobenzene 26.6 cps
Benzene '65 cps nitrobenzene 11. 5 cps
Chlorobenzene ko cps Cyclohexane 11.0 cps
Obviously, only 11 cps of the shift observed in benzene can be ascribed to elimination
of self association, and, since the shifts are too large to be the result of simple ring
current effects, some sort of specific interaction must occur between the chloroform and
the aromatic compounds in order to cause the chloroform proton to spend more time over the
center of the aryl ring. ( It should be noted that the maximum shift due to the diamagnetic
anisotropy of aromatic solvents has been shown to be about .k2 ppm. (25 cps at 60 Mc.) in
the absence of any specific interaction between solvent and solute (13)).
Freezing point diagrams of solutions of chloroform and some aromatic compounds con-
firmed this proposal, as molecular complexes of 1:1 chloroform: mesitylene and 1:1
chloroform: toluene were observed with this technique. Ko complexes could be detected for
the other aryl compounds listed, even though all had some effect on the chemical shift of
I
the chloroform proton.
In order for the chloroform hydrogen to be so greatly shifted to higher field in aryl
solvents, it must be positioned above or below the benzene ring so that it may receive the
maximum shielding from the magnetic field caused by the diamagnetic circulating currents
i J.T1 the ring. The authors proposed an interaction between chloroform and aromatic compounds
which places the hydrogen of the chloroform on the six-fold axis of symmetry of the ring in
a position directed toward the center of the ring so as to engage in maximum CI
hydrogen bonding with the it electrons. "" j y
The lack of similarity between the magnitudes of the shifts caused by ^ C^
toluene and benzene and those caused by the other aryl compounds was attri- '
buted to the possibilities in the latter for n-type hydrogen bonding between
the chloroform and the substituent on the ring. This hydrogen bonding vmiiri <^ ^
place the chloroform in a position to be deshielded by' the electronic circu-
lations in the ring. The contribution of this deshielded form to the "weighted average"
which determines the ultimate position of the proton resonance line varies with the nature
and the polarity of the substituent. Thus, n-type hydrogen bonding is minor in toluene
and dominant in nitrobenzene. Because of the possibility of this type of hydrogen bonding,
1 the effect of electron withdrawing substituents on the ring's ability to "donate" electrons
for a hydrogen bond to the ring's n electron system can not be inferred from the changes
: in chemical shift.
Amides. --Hatton and Richards (1*0(15) have observed some solvent effects in the spec-
trum of dimethylformamide
.
In this compound's spectrum the two methyl groups appear as
separate doublets (separation 5.2 cps in the pure liquid and 2.5 cps at mole fraction of
I
.1, both at 29.92 Mc) and therefore, are not equivalent.
The non-equivalence of the methyls has been explained by assuming that dimethyl
-
formamide exists in an essentially planar configuration because of the restrictions
imposed by resonance on rotation about the carbon nitrogen bond.
,) H
- C
^N /
CH3
, >
H
-<e^3
^CH3 \CH3
From these structures, it is readil apparent that the two methyl groups are not
equivalent, since they lie in different agnetic environments. An important feature of the
spectrum of dimethylformamide is the fac that the formyl hydrogen exhibits different
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coupling constants with the two methyl groups, allowing them to be differentiated easily.
In inert solvents (cyclohexane, etc.) the group appearing at higher field has the greater
coupling constant.
When the spectrum of dimethylformamide is run in various aliphatic solvents and in
water only small differences are observed. However, in aromatic solvents the changes are
l quite dramatic. As the proportion of aromatic solvent is increased, the resonances of both
methyl groups shift to higher fields but the a-group (the one initially at lower field)
changes faster so that the lines coalesce and then, as further solvent is added, change
their relative positions.
By analogy with other systems, Hatton and Richards assumed that the greater coupling
constant exists between the formyl proton and the methyl group trans to it, and assigned
the a- and p-methyls on this basis, although no theoretical or experimental confirmation
was available.
H-C' ^CH3 3
N CH3 Q
The behavior of this compound in aromatic solvents which leads to the striking effect
on its n.m.r. spectrum is rationalized u the following way. It is postulated that spe-
cific association occurs between the 'dim* ..hylformamide and the aromatic solvent in a manner
essentially analogous to that already des >ribed for chloroform. This association pre-
sumably involves the nitrogen atom, whic bears a partial positive charge because of the
contribution of the resonance form alrea mentioned, and the electrons of the benzene
ring. Thus, the nitrogen is thought to s ,sume a position directly above the center of the
ring while the negatively charged oxygen itom is placed as far from the center of the ring
as possible (while still retaining the planar geometry of the molecule) in order to mini-
nize potential interactions with the it electrons. This necessitates that the dimethyl-
formamide be oriented at an angle to the plane of the benzene ring as shown below.
)
0©
<C~~^ V
From models it is apparent that such an orientation leaves the a-methyl group near
the center of the aromatic ring and the 0- near the edge. The strong induced diamagnetic
noment over the center of the ring would then produce a very much bigger upfield shift
Dn the a-methyl than on the p and this accounts for the observed effect. The formyl
proton is also shifted upfield in aromatic solvents but by smaller amounts than the methyl
groups. This seems to indicate that the formyl proton is nearer the edge of the ring than
the methyls.
Acetylenes. --The first study on the effects of solvent on the n.m.r. of acetylenic
compounds was made by Whipple and co-workers on propargyl bromide ( 16) . Nakagawa and
?ujiwara (17) extended this study and found that the position of the resonance line of the
etninyl proton of phenyl acetylene changed to lower fields in triethylamine, diethylamine,
diethyl ether, ethanol and acetone. The^ attributed this effect to hydrogen bonding
oetween the acidic acetylene proton and the solvents used.
In benzene, a diamagnetic shift was observed and it was postulated that this was due
:o hydrogen bonding with the it electrons of benzene. Upfield shifts were also observed
rtth carbon tetrachloride and cyclohexane but these probably result from the effect of
iilution in preventing the interaction of phenyl acetylene with itself, It was postulated
:hat this self-association must occur through * electron interaction, although exactly
fhat kind is not made clear.
Hatton and Richards (18) have also studied some acetylenic compounds and observed the
,'ollowing effects. Dimethylformamide, pyridine, acetone, dioxane, acetonitrile, nitro-
enzene and nitromethane were found to shift the proton resonances to lower field for pro-
pargyl chloride, phenylacetylene and benzoylacetylene, while fluorobenzene, thiophene
>enzene and toluene caused diamagnetic shifts. It should be noted that the solvents which
:ause paramagnetic shifts contain strongly electronegative centers which can act as proton
tcceptors. Thus, the shift to lower field is presumably caused by the formation of weak
lydrogen bonds with the acetylenic proton. This is supported by the fact that the effect
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of these solvents on the chemical shift of the acetylenic proton in the more acidic
benzoylacetylene is much greater than in the other compounds.
Like Nakagawa, Hatton and Richards noticed that aromatic solvents caused a change
^to higher fields. However, they also noticed that the methylene protons in propargyl
chloride are shifted by aromatic solvents by as much as the acetylenic proton and in the
same direction. This clearly suggests t lat the proposal of Nakagawa is wrong and that there
is no association of the type proposed for chloroform .
However, the shifts involved are si ;nit'icantly greater than those observed for the
internal standard ( cyclohexane) , and, therefore, some type of association must occur.
On the basis of the evidence presented, the authors favored a complex involving a weak
association in which the axis of the solute is parallel to the plane of the aromatic ring,
thus explaining both upfield shifts. Thus, in this case it-ir association appears to
predominate over ir-H.
CHpCl
I
C
III
H-C=C-CH2 - CI not C
< >
Other Compounds. —Hatton and Richards have studied a number of other polar compounds
in aromatic solvents and have found that specific interactions apparently occur between
these solvents and compounds like mesityl oxide and f3,p-dimethylacrylic acid. (19) Hatton and
Schneider (20) studied the temperature coefficients of the chemical shifts of acetonitrile,
p_-benzoquinone and dimethylformamide in toluene and methylcyclohexane . In the latter sol-
vent, no temperature dependence was observed and, therefore, there is no specific inter-
action. In toluene, on the other hand, there is a progressively upfield shift of the
solute protons as the temperature is reduced. The values of the temperature coefficients
are consistent with the formation of specific complexes and decrease in the same order as
^he change in chemical shift ( i^. e. , the lowest temperature coefficient corresponds to the
smallest change in chemical shift) . The effects of solvent on the chemical shifts of pro-
tons in ketooximes have been studied by Lustig (21)
.
Aromatic Compounds. —Bothner-By and Click (22) (23) carried out the first examination
Df the effects of solvent on the chemical shifts of aryl protons. They studied the chemical
shifts of the para hydrogens in a series of mono-substituted benzenes. The positions of
the resonance lines obtained by extrapolating to zero the results of runs in various concen-
trations of carbon tetrachloride were found emperically to follow the Hammett cr function
Tor the substituents in question. When the spectra were run on pure liquid samples, however,
;here was no correlation between the Hammett values and the observed chemical shift. Thus,
Ln infinitely dilute solution, the effects due to magnetic anisotropy of neighboring mole-
Jules are completely eliminated, while in concentrated solution these effects become dominant
ind cause the chemical shifts to be solvent dependent.
Schaefer and Schneider (2*0 (25) (26) have also studied solvent effects in aromatic
compounds. They used a series of £-disubstituted benzenes, containing a fluorine or methyl
is one of the substituents and a strongly electron-withdrawing group as the other (nitro,
:yano, chlorosulfonyl, etc.). These compounds were used because they made the interpre-
tation of the spectra easier. Since the fluorine and methyl groups couple with the
lydrogens ortho to them the latter can be differentiated easily.
The solvents used in this study were acetone, hexane and benzene—acetone being a
1 strong n-type donor, benzene a rt-type donor and hexane presumably being inert. In general,
• ;he authors found that both the ortho and meta hydrogen resonances were shifted to lower
'ields in acetone and higher fields in benzene, relative to hexane. However, in both
! (olvents, the hydrogens meta to the electron-withdrawing group were displaced to a
greater extent than those ortho (Table II).
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TAPLE II
Ring Proton Chemical Shifts (cps at 60 Mc) Relative to External CIIC1 3
Compound Hexane
M
Acet<:>ne
M
Benzene
N02~4 A-CII3
M
H
£
H
m
-3k. k 1U.6 -38.2 -26. -0.3 71.9
C1S02-
CH3-C-
II
-CH3
-CH3
-23.8
-19.5
7.2
19-5
-33.0
-25. k
-8.8
9.2
8.7
3-1
69.3
53-1
NC-
F-
Cl-
2N-
-CII3
-CH3
-CH3
-F
3-0
38.9
19.6
-12.2
16. 1+
28.3
29.0
18.5
-10.9
27.8
10.9
-26.2
16. h
16.1
4.0
1+2.2
62.2
1+3.0
1+2.5
58A
62.2
66.0
70.9
Thus, apparently even aromatic protons engage in specific complex formation, since
no simple "ring current" shielding can account for the preferential shifting of the meta
hydrogens by the aromatic solvents, nor can conventional explanations account for the
effect observed in acetone. This preferential shift can not be attributed to steric
effects either, since it holds even when the relative size of the groups changes. Thus,
for the aryl solvents, the authors were led to propose an association between the elec-
trons of the benzene and the ring protons analogous to that occuring in chloroform
.
Further evidence for this was found in the fact that a definite tem-
perature dependence was observed for the chemical shifts of these
^ compounds in benzene. The apparent preference for hydrogen bonding
with the meta protons seemed to imply an effect of the polarization of
or the C-H bond involved, since in the compounds considered the C-H bonds
meta to the electron withdrawing sub6tituent are more polarized and this
was presumed to facilitate hydrogen bond formation.
This hypothesis was further corroborated, as it was found that when a dimethylamino
group was substituted for the electron withdrawing groups, the shifts of the ortho pro-
tons became more solvent dependent. Similar effects were found when the work was extended
to include various heterocycles. In 6-membered heterocyclic rings, like l;-picoline, it
was shown that the P-hydrogens are affected more by the addition of benzene and acetone.
In 5-membered heterocycles, like pyrrole, the ct-hydrogens show a greater solvent shift.
This was attributed to the same effect as above, I.e.
,
selective solvation of the more
polar C-H bond.
However, when the authors tried to extend their theory to include quinoline, an ano-
maly was observed. Protons 3 and h were found to be shifted by nearly equal amounts by
H4 the addition of solvent. This is by no means consistent with
the theory proposed above concerning the effect of charge
density. Schaefer proposed that this effect might be due to
the high electron density on nitrogen inhibiting solvation of
"H2 part of the molecule. The fact that the chemical shifts of
protons 2 and 8 were much less affected was accepted by the
18 author as confirmation of his theory.
Klinck (28) (29) has recently proposed and tested a theory which explains more ade-
quately than that of Schaefer the differences in the effects of various solvents on the
chemical shifts of aromatic protons. He has studied a number of aromatic aldehydes and
observed that the chemical shift of the formyl hydrogen is virtually unaffected by dilu-
tion or addition of most hydrogen bondi lg solvents. However, benzene and acetone were
found to cause changes in the chemical shift, benzene upfield and acetone downfield. It
was further observed that the solvent shifts in acetone were independent of the substitution
on the ring while those in benzene were not. Klinck proposed to explain the dependence on
the substituent observed with benzene by assuming that the association of the solvent with
the solute depends on its (the solute's) polarization. He suggested that the benzene may be
considered to lie over the solute and, on a time average basis, to be more strongly
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associated with the "electron deficient ' part of the molecule. (He uses electron defi-
cient to denote the substituent which is the more strongly electron- introducing. Thus,
the effects observed for the chemical shifts of ortho and meta protons can be interpreted
)as the result of the diamagnetic anisotropy of the solvent acting preferentially on
one part of the solute.
H H >-
?-$=^T »=^=^Y 5^
H II
electron- electron-
withdrawing group introducing group
As an example, in the case of p-nitrobenzaldehyde, the benzene should interact more
strongly with the formyl group and in p_-II,N-dimethylaminobenzaldehyde, with the amine
group.
To determine whether this is, indeed, the case Klinck investigated the changes in
chemical shift of all the protons in a number of p_-disubstituted benzaldehydes. This,
he felt, would indicate clearly whether unsymmetrical solvation was the cause of this
effect. Thus, in the case of a compound like jD-nitrobenzaldehyde, the unsymmetrical sol-
vation should result in a greater shift of the formyl and ortho protons than of the meta
and vice versa for the aminobenzaldehyde . The results of this study are shown below
(Table III). It was found, in all cases, that the relative shifts predicted by Klinck'
s
TABLE III
Internal Chemical Shifts at 60 Mc for Aryl Protons -( v -v )
a
ana Formyl Proton Shifts
o m
;
Substituent Acetone CHCl-a Benzene CHC13 Benzene
611.2 563. 4 (cps
from
TMS)
583.8
608.8
600.8
589.9
573-1
579.3
£-N0P 13-4 18.1 30.8
£-CN 5.4 8.0 10.6
£-Cl -18.6 -18.8 -16.0
£-F -51.4 -41.8 -42.6
£-(CH3 ) PN -55.4 -61.4 -83.4
p_-CH0
a
£-H
Positive values indicate the ortho proton is at higher field
model were observed. It should be noted that Klinck 's proposal accounts for all the data
obtained by Schneider and Schaefer, including the quinoline results. Thus, in quinoline
the nitrogen atom is the more electronegative, hence the benzene should solvate preferen-
tially at protons 3 and 4.
When acetone was used as a solvent, the hydrogen meta to the stronger electron with-
drawing group was preferentially hydrogen bonded. The formyl proton was also shifted to
lower field in the case of jD-nitro, p_-cyano, and p_-chlorobenzaldehydes owing to the effect
of the diamagnetic anisotropy of the acetone carbonyl group which is placed in close pro-
ximity by its association with the meta hydrogen. In this case, Klinck' s results are
consistent with those of Schneider and Schaefer.
Recently, Yamiguchi (29) has studied the effects of various concentrations of acetone
on the chemical shifts of protons in phenols. Here, too, the effect of hydrogen bonding is
quite pronounced and can lead to a number of rather unusual changes in chemical shifts,
particularly in the case of 2,4- and 2,5-dimethylphenols. When the spectra of these com-
pounds are run in acetone it is observed that the resonance line for the ortho proton is
shifted to lower field, but only if a methyl group is in the 2- position. This is attri-
buted to steric interaction of the o-methyl group with the acetone which constrains it to
lie on the same side of the ring as the ortho proton. This positioning allows the forma-
tion of weak hydrogen bonds between the ring proton and the acetone
,_. resulting in deshielding of the proton.
O-H-n X" 3 Solvent effects are not necessarily restricted to those resulting
,
*C>^ from hydrogen bonding or specific complex formation. Cawley and Danyluk
H' 3 (30) have recently shown that the chemical shifts of aromatic protons in
compounds of the type (C6H5)3MR (where MCC, Si or Ge and R=Et, vinyl or
H) are dependent on the concentration of solvent. In triphenylvinyl-
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germane, the spectrum of a 1 mole p solution in carbon tetrachloride shows a single group
of overlapping signals at t 2.65. In 5C$ solution, groups of signals appear at t 2.8o and
t 2.k6 with relative areas 3"2. This is ascribed to steric effects. Thus, it is assumed,
that the probability of the met
a
or para protons on a ring lying close to other molecules
is greater than for the ortho . Indeed, models indicate that the ortho protons are very
highly screened by both the phenyl rings and the R group. Thus, the difference in chemical
shift in concentrated solution can be accounted for by assuming different degrees of inter-
action of the ring protons with surrounding molecules.
Theory of Solvent Effects. --Buckingham, et al.
,
(31) attempted the first theoretical
summation of the effects which a solvent can exert on the chemical shift of a proton. They
proposed that a new quantity, c ,, be defined to cover the entire range of solvent
effects, cr , was assumed to be made up of four terms, i.e. , c .
_,
= cr 4- cr + cr 4-
, solvent . .. . ., .. ' —=—1 solvent B A W
ov, where a„ is the contribution to cr n proportional toE B solvent
the bulk magnetic susceptibility of the solvent, cr arises from anisotropy in the solvent,
cr is due to Van der Waals forces between the solvent and the solute and a is the "polar
effect" caused by charge distribution induced in the neighboring solvent molecules by
polar solutes.
<xp is now virtually eliminated by the use of internal standards, cr represents the
effects' of solvent anisotropy which have already been discussed. <x generally repre-
sents a minor solvent effect and can be considered to result from two different
interactions. The first is interaction between the solute and the solvent causing a dis-
tortion of the electronic environment of the nucleus. This distortion may be due to a
"pulling away" of the electrons around the nucleus by the solvent, resulting in a decrease
in the screening constant. The second is a time dependent destruction of the symmetry of
the electron cloud around a nucleus or bond leading to a negative paramagnetic screening.
This is said to be especially likely to occur in the case of compounds containing bonds
whose electron distribution may be described as axially symmetric.
In order to demonstrate the existence of cr
,
Buckingham plotted the observed chemical
shift for methane protons in a great r/unber of solvents vs. the AH of the sol-
vents—a measure of the Van der Waal^ forces, and obtained a good correlation for
those solvents not participating in specific interactions.
cr
,
as mentioned above, is presumed to result from polarization of the surrounding
solvent caused by polar solutes. The resultant electric field (called a "reaction field")
is then transmitted back to the solute by the solvent and affects its electron distribution
thereby changing the chemical shift of the solute proton. Because of the nature of the
effect, cr is only significant when solvents with a high dielectric constant are used.
Buckingham has given some examples of reaction fields which might be important in deter-
mining the chemical shifts of the compounds involved. ( 32) He considers the hydrogen
bonding interactions which were discussed earlier as a special kind of crE effect.
Abraham (33) has performed a series of experiments to determine if the reaction
field proposed by Buckingham really exists. He has measured the differences between the
chemical shifts of the protons of methane and acetonitrile in a series of solvents which
differ in dielectric constant. After adjusting the values obtained to zero for measure-
ments in hexane solvent, Abraham found, in all solvents but benzene, that the result of
using acetonitrile instead of methane was a shift to low field. Furthermore, the change
in chemical shift varied regularly with the dielectric constant of the solvent and,
therefore, could be interpreted as the effect of cr on cr . Abraham attributes the
effect of benzene to specific interaction with ' acetonitrile, but
Buckingham (3*0 thinks that it may be an effect of the shape of the solute. Just what
kind of effect is still obscure.
Diehl and Freeman (35) have observed a dependence on solvent of the chemical shift
of the axial protons of paraldehyde but not of the equatorial methyl groups. Since
Buckingham's theory would predict such a dependence on the shape of the solute, based on
the fact that the dipole moment of paraldehyde is perpendicular to the plane of the ring
and, therefore, the reaction field should interact nuch more strongly with the axial sub-
stituents, this work is accepted as further confirmation of the existence of reaction fields.
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Eothner-By (36) made the firs;: attempt to predict the effect of solvents on che-
mical shifts quantitavely. Using the "liquid association shift" defined bj Pople (37)for the change in chemical shift obser\ed when a gaseous sample is condensed, he derived a
series of empirical constants for solutes and solvents which would permit calculation of
this shift. This work, however, has proved of little utility so far.
Recently, Diehl (38) has derived an empirical method for calculating the effects of
solvent on the chemical shifts of aromatic protons based on the nature and position of sub-
stituents on the aromatic ring. He assigns different values to each proton on the ring
(o, m, jo) depending on the solvent and the substituent in question. This treatment seems
to hold great possibilities for the prediction of solvent effects on chemical shifts.
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NITRILE N-OXIDES
Reported fcj C. H. Cox April lu, 1563
Nitrile N-oxides have found extensive use in the preparation of i'ive-i.Kmbered
heter :j : through 1,3-dipolar cycloaddition reactions {'.'., I .^, : ), particularly
in the last I 5 yeais. The greatest portion of this work has dealt with the pre-
paration of a i/iue variety of isoxazoie and A2-isoxazoline derivatives, prepared
from alkynes and alkenes, respectively (Rcf . 5 and preceding papers) . Very recently
however,. Huisj »n and other workers have combined nitriles (6/7) } Schiff bases (S)
,
thiocarbonyl (9), ^rid carbonyl compounds (8,10>7) with nitrile IT-oxides to form
the corresponding five-membered hcterocycles."
As these 1.3-dipolar eycloadditions with nitrile N-oxides proceed under mild
conditions in generally good yields to give, in most cases, readily crystallizable
solids with definite melting points, they can be of value ir the identification of
a wide -variety of compounds containing multiple bonds. They also give a new means
for the study of the reactivity of different types' of double rends (11,12,13,14,15)
•
Preparat i on. --Due to their instability, the n'itrile N-oxides ( I) arc usually
generated in the reaction mixture.
By far the most common method involves treatment of the appropriate hydroxamic
chloride ( II) with a base (Ref. l6 and earlier papers), 'ibis preparation has the
RCH=N0H tv2-^ RCC1=N0H —
0H
f R-C^N ->
II I
limitation that it can't be used for the preparation of nitrile N-oxides with cu-
hydrogens (lb). It is principally used in the preparation of aryl nitrile N-oxides;
however, several aliphatic nitrile N-oxides have also been prepared by this means
(16,17).
Acyl. and areyl nitrile N-oxides (ill) are generally prepared through decompo-
sition of the corresponding nitrolic acids ( IV) (l8,19,2) , which, in turn, can be
prepared through treatment of the appropriate methyl ketone with a mixture of
nitric and nitrous acids (18,19).
KNG;
R-C-CH3 -
HNC-
NOH
II II
R-C-C-N02
IV
C
-^ R-C-C = N -> (R = aryl or alkyl)
Acetonitrile and propionitrile N-oxides can best be prepared, for reaction in
situ
,
by a method recently discovered by Mukaiyama and Hoshino (20), as follows.
When a catalytic amount of a tert -alkyl amine is added to a mixture of nitroethane,
1-nitropropane, or phenylnitropropane and phenyl isocyanate in dry ether, the corres-
ponding furoxan (the product of nitrile N-oxide dimerization) is formed. When this
reaction takes place in the presence of unsaturated compounds, the corresponding
cycloaddition product is formed. The following mechanism is proposed.
n
,
,
v " "
R'CH2N02 -MJ RcW<:
Q
«"-N^0> R „ /
CV _^ R-.H^O9
V N) / 2 ' '
<E* x o®
Fd R'-CsH ->
Structure and Properties. --Although benzonitrile N-oxide was originally assigi
the cyclic structure V by Wieland (2l)
,
Pauling later projjosed the linear structure
(Vl)(22). A linear structure indeed appears to be correct for nitrile N-oxides on
the basis of the products formed from their reactions and on the basis of physical
determinations, principally infrared studies (l6, 17,23)
•
CGH5 -C = N CSII5-C= N ->
V VI
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Infrared absorption bands at ca. 2295 and 1370 cm-1 , characteristic of the C=N
and TJ-0 linkages, respectively, have been detected for a number of aryl nitrile N-
oxides. The CN vibrational shift to higher frequencies with respect to nitriles
( a shift of ca. 70 cm" 1 )' can be attributed to coupling with the NO vibration. The
strong NO absorption, often the strongest in the spectrum, lies between the normal
NO single bond stretching frequency (ca. 900 cm-1 ) and the normal NO double bond
stretching frequency (l621 cm-1 to i486 cm-1 ) and near the asymmetric nitro stretching
frequency (ca. 1350 cm-1 ) indicating considerable double-bond character.
Studies on the dipole moments (24), molar refractions (25), and electrical mo-
ments (26) of nitrile N-oxides have been reported..
Study of the nitrile N-oxides has been impeded by their instability. With the
exception of sterically hindered nitrile N-oxides, such as duryl and mesityl nitrile
N-oxide (23) , all of the nitrile N-oxides undergo dimerization under neutral or alka-
line conditions to form furoxans Tvil) , and under acidic conditions to form oxazo-
ximes (VIII) (1).
C6H5 -C II -> < ... C6H5 -C c-c6h5 !r \ > C6H5 -C C-C6H5
II \\
acidic
III + HI alkaline II II
N C v N N N N vl
^0 /
^C6H5 *0 *0 N / *0
vii viii
In the reactions of nitrile N-oxides, the formation of the furoxan is almost
always the principal side reaction, often to the extent that its formation consi-
derably lowers the overall yield of product.
Nitrile N-oxides also readily undergo a reduction to nitriles ( IX) , hydrolysis
to acids and hydroxylamine (X), isomerization to isocyanates (Xl), and polymeriza-
tion to the trimer (XIl)(l,2l).
11
R-C= N ^ R-C-0H + NH20H X
IX ^\Zn H2
HC*cNR-C=N-*<
R-N=C=0
XI
toluene
XII
1,3-Dipolar Cycloaddition Reactions. --As the theory of 1.3-aipolar cycloadditions
has been extensively covered in a recent review by Huisgen (3), It will be discussed
here only in connection with the nitrile N-oxides. The nitrile N-oxides behave ana-
logously to the azides.and the diazoalkanes, and the additions of the latter have
very often served as model reactions for the nitrile N-oxides.
The reaction of benzonitrile N-oxide (XIIl) with a 1-olefin is illustrative of
the mode of all nitrile N-oxide additions.
3 4
C3H5-C C6H5 -C + 5-CH2 C6H5 -C -5 CHP C6H S -C — CH2
Hh < *-
,
I! II ^ H I _*. « 1
+NC |JJ 5+CHR N CH-R 2 N .CHRX 0" X 0~ x
o
x o/s
XIII
1
XIV
When the molecule to be added to the nitrile N-oxide is unsymmetrical , two
isomers could be formed. Due to the polar nature of this addition the direction of
addition in most cases will be determined by the stabilization of partial charges in
the transition state ( h) , though steric factors also come into play to put the more
"bulky" group in the 5~position of the A2-isoxazoline (XIV).

Any kind of conjugation ^ajr th< Lpclarophilic reac-
tivity of multiple doj :a a c anted fo] i :reased polariza-
bility (3).
In an attempt to corr La1 Jv ' - ic uble bcj i with reactivity toward
benzonitrile N-oxide, it vac foun .hat in all cas • ' ere the bond length does not
exceed 1-35 A, with the exce] tion of the nucleai ouble bonds of heterocyclic mole-
cules^ reaction with benzoi Ltrile '.-. L< urs ' ".,.
A correlation also has be n found i ween the rat of reaction with benzo-
nitrile K-oxide and the position and nature of the rin i stituent for the following
unsaturated aryl derivatives: hydroxy- or nitro-i t; r e : ", , x,o>dinitrostyrenes
(28); nitrophenylacetylenes (29); and 1-nitrophc lylbutadienes (30). The reaction
rate is decreased by electron-withdrawing ortho or para substituents and increased
by electron-donating orthc or par:; substituents. Reactivity decreased in the fol-
lowing order for derivatives of styrene: o-C*T> m-K02 > II >2~N02 > m-N02 (27).
Electronic charge distributions calculated for the styrene derivatives predicted,
in all cases, the observed order (27)
•
Reactions with Isolated Carbon -Carbon Double Bonds. --The following reactions
have been found to go smoothly urn er mild conditions (31;2,32,33>3^->35) • These
CsIIs-C
X
CII2
It
CH3
I'toO
CeHs-C
N
\ /
CH2
I
CHR
(R=H, CH3 , C2H5 , CaHy, CH(CH3)CH3 , (CH2 ) 8C1I3 , (CK2 ) 19CH3 , CH20H, CH2C1, CH2Br,
CH2 I, CH2C6H5 , or CH2ArOH)
reactions illustrate the preferential orientation of substituents in the 5 -Position.
The following synthesis by Auwers (6h) served as a structural proof for the
direction of addition of propylene ^and, by inference, other nnsymmetrical olefins)
to benzonitrile N-oxide.
CSH5 -C-CII=CH-CH3 + NH20H C6H5 -C
N
^o'
CH
I
CH-CH3
As a structural proof for the allyl alcohol adduct as well as for a number of
other 2-isoxazolines to be mentioned subsequently, the following reaction was cited
(58)- It was said that in !,all probability" carbon dioxide would be lost from the
C6H5 -C CH-COOII . CSH5 -C CH
1:
N>'
CH-COOII -CO-
II
N\ CH-COOH
XV
^-position. This was rationalized on the basis that the 4-earboxylic acid group
should act analogously to a 3-keto acid. This appears to be the sole "proof" for
the structure of the 5 1 product. Eon theless, the allyl alcohol adduct
as well as other 2-isoxazoli < rivativc 1 have been converted to, what is said to
be, the 5-carboxylic acit c rivative (XV) a^ proofs of structure.
Although generally unreactive toward endocyciic double bonds, nitrile N-oxides
do react readily with cyclopente: 3 (36,14,15) , condensed systems containing the
cyclopentene structure (j'i\,3b,ly,j
.
;
,jl> } 3V) > and cyciohexenes activated by conjugation
with a carbonyl 0,2,-15,1*0. Reactions illustrating this follow.
n TT ,, ReferencesCGH5 -C; 5-C
:3-q
1^,15
36
14,15
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The structures for the majority of these adducts were assigned on the hasis of their
infrared and ultraviolet spectra
.
,
'
.
" n^
On the other hand, methylenecycloalkanes (XVl)( 41,14) and their derivatives (42)
are 'always reactive, giving spiro-compounds. The structure of theadduct was
proved
CH2
li
C \ f ^6^5"?
(CH2 )
XVT
N.
cGn 5 -c
N
'
/
CH2
I
c
—
n
CH2 )
(n=4,5,or 6)
by partial degradation and synthesis, by another route, of this partial
degradation
product. ... . , ,
Reactions with Dienes, -Benzonitrile N-oxide reacts readily with unconjugated
diene~s (31,32), conjugated dienes (36,14,15), and allenes (43) to yield the corres-
ponding diisoxazoline derivatives.
CH2=CH(CH2)7CH=CH2 r C6H5 -C CH2 CH2— C-C6II5
N
CgHs-C
III
N
+
X
-T
N\/CH(CH2 ) 7— CHN o/
CGll5-C +
N
e 5
H|
N
X
CH2=C-C=CH2
I I
R R
CrHs-C
I!
N
CH-
\o xi
CH2— C-C6H5
I 1/
N
R N
(R=H, CH3 , or C2Hc
+
X
CHR
II
C=CH2
_,.
C«H5~'C
I!
N
N>'
CHR
I
C=CH2
R
C6H5CNO
>
C«H5 - C CH _
II }^°\
N C H
v^l Ik 0'
CH2— C-C6Hc
(R=H, CH3 , or C6H5 )
Structural proof for these diene adducts was provided by oxidizing the mono-
substituted derivative and comparing the product with XV. Further suggestive evi-
dence was provided by the structure of the analogous diazo adduct.
Reacti ons with Carbon -Carbon Double Bonds Conjugated with Aromatic lMuclei^.—
The conjugative effect of aromatic nuclei promote reactions which would ordinarily
be quite sterically unfavorable (38,4k).
_-*. CSH5 -C CHXCrHs-C6
III
N
+
v.
CHX -
II
CHC6H5 II
^o'
CHC«H«
C6H5-C
N
+
CHR
II
CH-
CH
II
C
(X=II, Br, CSH5 , or CH3CO)
M, Xx'
CH
II
CH
C6%- C
N\./
CH-
CH-
II
C
^x'
•CH
II
CH
R=H, COOCH3, or COCH3 ; X=S or 0)
The structural proof for the above product was provided by synthesis through an
independent route.
In no case has the nitrile N-oxide been found to add to the aromatic nuclei,
Benzonitrile N-oxides often react with substituted arylethylenes to yield
isoxazoles (XVTl) directly through the loss of a molecule of HX, where X is a
halogen atom or nitro group ( 33) .
CRHs-C
+
IIV
CHR
II
C-X
NAr
C«Hc,-C CHR.
I
C-X
C«H^-C
-HX ~
6il5 '
* N
X /NAr J
R=CsH5 , X=N02 , Ar=CsH5
R=H, X=Br, Ar=C6H5
R=H, X=C1, Ar=p_-CH3CSH5 J
^0'
C-R
II
C-Ar
XVII

_
,-./! _
The isoxazole products are reported in earlier literature.
Benzonitrile N-oxide has also been found to react readily with the non-aromatic
double bonds of complex aromatic structures such as isoapiole (XVIIl)(45) indene
(XIX)(38,39), and acenaphthene (XX)(l4,15).
.OCH3
CH^O ^0— CH2 VTV3 XVIII XIX
Reactions with Acetylenic Triple Bonds. --It has been found that disubstituted
acetylenes, except where one of the substituents is a carboxyl group, do not react'
with nitrile N-oxides (46). The following addition to acetylenic triple bonds have
been effected in fair to good yields.
III
N
+
X
C-B
III
C-R'
C6H5-C
N
C-R
II
C-R'
R
H
C00H
C00H
H
H
H
H
R"
C00H
CH3
C6H5
C6H5
CH20H
CHO
OR
II
Ref.
46
46
18,46
18,46
47
48,49
5
50
HO
Wieland (21) has found that benzonitrile N-oxide reacts with Grignard reagents
to give the corresponding oxime. Consequently, when benzonitrile N-oxide was treated
with the phenylacetylenic Grignard reagent to yield the corresponding isoxazole (XXI)
,
the following reaction sequence was proposed ( 51)
.
CqHcj-C
III
N
+
x
Uss G — C«Hc;
I
Mgl
C«Hc;-C '
II
N
'OH
X
CsH5
C6H5-C
II
N
-o-
XXI
CH
II
G-CSH5
However, the possibility remains that the nitrile N-oxide may add to the acety-
lenic triple bond in place of the proposed 1,3-Grignard addition.
Reactions with CN Triple Bonds.
--Nitrile N-oxides add to the C=N bond of ali-
phatic nitriles, those in which the nitrile group is attached to an electron-
withdrawing group, and aromatic nitriles, to yield 1,2,4-oxadiazoles (XXII) in fair
yield (6,7) .
C6H5 -C
III
N
R-C = N
+
X,
C6H5-C
1/
N
^0 /
N
II
C-R
.
° w XXII
(R=C6H5 , P-pyridyl, C1CH2 , CH30CH2 , CSH5C0, CH3C0, C02C2H5 , or CN)
A few of the 1,2,4-oxadiazoles are known in the literature, others were identifiedby synthesis from benzamidoxime and the appropriate acyl chloride.
NOH CSHS-C—
|f
C6H5 -C-NH2 + R-C-Cl ^ N C-R
x o/
Reactions with CO Double Bonds. —In direct analogy to the CN triple bond, the
CO double bond will add nitrile N-oxides, when activated by an adjacent aromatic
or electron-withdrawing group, to yield the corresponding 1,3,4-dioxazole ( XXIII) (8)
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II
C6H5-C
C6H57C +R-C-H r IJ >_R .
N
N
o' ^X XXIII
(R=C6H5 , o-C1C6H4 , a-furyl, a-pyridyl, C02C2H5 , or CC1 3 )
. p & ch . C6H5-C
C6H5 -C
+ R -C "CH3 h- I
n N C-CH3
N XRX XXIII
(R=CH3C0 or C02C2H5 )
The 1,3,4-dioxazoles were characterized through elemental analysis , infrared and
ultraviolet spectra as well as synthesis.
Reactions with CS-Double Bonds. --As in the preceding two cases, the dipolaro-
phile, the CS-double bond, when activated, adds to nitrile N-oxides, to give, in
this case, the 1,4,2-oxathiazoles (XXIV)(9)> These new 1,4,2-oxathiazoles were
cD
II
C6H5 -C + R-C-R' y CSH5 -C S
III II I
N N C-R XXIV
^0 X /X R'
(R=R'=C6H5 ; R=R'=C6H50j R=a-naphthyl, R'=CH3S; R=C6H5 , R'=H02CCH2S; R=C6H5 , R'=H02CCH2S;
R=R'=C6H5 S)
analyzed and spectrally characterized. R=R'=C6H5 was characterized by synthesis from
thiobenzyhydroxamic acid and benzophenone dichloride.
NOH CI C6H5 -C S
II I II I
C6H5 -C-SH + CSH 5-C-CSH5 ^ N C-C6H5
I N q/ \
CI C6H5
Reactions Involving Competing Multiple Bond Systems. --The following order for
dipolarophilic activity of multiple bonds can be arrived, at from the results of addi-
tions of nitrile N-oxides to a variety of competing multiple bond systems:
C=C>CsC, CHH7C=0. Reactions illustrating this order follow.
References
CSH5 -C + CH2 Cells -C CH2> -~ m i" 52
N CH-C=CH N CH-C=C-HX x o^
C6H5 -C + CH2 * CSH5-C CH2 32
Nv.- CH-C=W N CH-C-N
CSH5 -C + CH . C6H5 -C CHO
, iP ,, n
III III II y II II II
48A9
K C-C-H N C-C-H
X N
o
x
II
C6H5 -C + CH3-C-CSN C6H5-C N
N K
^ N C-C-CH3X X 0^
6,7
C6H5-C + CH2
CsH5i f {^ 48,49
l!H c'h-c'-ii
-> \
n/H-°-H
In most cases, these were characterized by conversion to the 5-carboxylic acid and
comparison with XV.

DO
By far the greatest portion of the work done with competing multiple bond
systems has dealt with unsaturated carbonyl compounds, unconjugated (32) and cumu-
lative (53,5*0 as well as conjugated (l4,15, ^0,42, 48,1+9, 1+6, 55, 56,57;58,59,60,6l, 62,
12,63,3k). The reaction of ketenes to form 5-isoxazolones (XXV) is of interest (53,
5*0-
( CH3 ) 3C-C + CSH5 ( CH3 ) 3C-C C( C6H5 ) 2
ill
N
c=c=o —t " !
N
x, en / N c=o
u XXV
The analogous addition reaction using ketene acetals in place of ketenes was found
to go more easily, perhaps due to the electron-donating properties of the alkoxy
groups (54). Illustrative of the conjugated category is the following (6l).
Y
F%- C + HC-C'\=/ ill II v o
<\. HC-C/''
(X = £-Br, p_-N02 , m-N02 , or o-Cl)
Like the aromatic acetylenic and olefinic derivatives mentioned earlier, a
substituent on the benzene nucleus influences the reaction rate of styryl ketones
(XXVI) in their reactions with nitrile N-oxides. However, in contrast with these
derivatives, the position on the ring is immaterial (56). In the two p_-nitro cases
II II
CSH5 -C + CH=CHC-R CSH 5 -C CH-C-RCH^ X
XXVI
(R=CH3 , X=p_-N02 ; R=C6H5 , X=£-N02 ; R=C6H5 , X=o-N02 ; R=(CH3 ) 3C, X=H)
two isomers, representing both directions of addition, were obtained.
In contrast to the preceding findings, it was found, in experiments on nitro-
cinnamic derivatives, that the o-nitro derivative reacted easier and in larger yield
than the p_-isomer. Under the same conditions, the m-isomer did not react at all (57)
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RECENT STUDIES OF OLEFINIC, HYDROXY, AND AMINO CYCLOPROPA 1 S
Reported by G. Leadbetter April 22, 1963
The field of cyclopropane chemistry has been reviewed frequently in recent years (1-8).
This seminar will be concerned with recent aspects of olefinic, hydroxy, and amino cyclo-
propane s.
Synthesis from Carbenes. OLEFINIC CYCLOPROPA! JES . --Several syntheses of olefinic c; clo-
propanes have been reported recently using carbene intermediates ) an example is the synthesis
of methylenecyclopropane by Blomquist and Connoly (9) from the reaction of carbene with
allene. The yield was oCffo and no spiropentane or ir^ertion products were formed. This
-^ A^tCE?C • -C=CHp + CHplb
method is superior to that reported by Anderson (10), which gives only a ^>Cffo yield.
CH3 CHpCl
CH* :C-CHoCl
Cl= Aen-
Closs and Clos" (11-13^ have synthesized cyclopropenes by treating alkeirl lithium
compounds with methjylene chloride. Treatment of 1,2-dimethylpropenyl lithium ( i) with
methylene chloride gives 1,3,3-trimethylcyclopropene ( IT) in 50$> yield. Two possible path-
(CH3) 2C=CLiCH3 + CH2C12—> £\
ways have been proposed and are sftown. II
( CH3) 2C==CLiCH3 + CH2C12—>( CH 3 ) 2 C = CH-CH3 + Li CI +1CTIC1
h CI X , £±
Li II
A
I + :CHC1
C [«
~f (CH 3 ) 2C=C-CHClLi
III
CH3
I
(CII3 )2C-C-CH:
IV
I
Cyclopropene formation via alpha elimination from both p,7,7-trimethylallyl chloride
(V) and 2,3-dimethyl-l,l-dibroi:io-2-butene (Vl) supports the hypothesis that vinyl
tuted carbenoid species nay undergo ring closure by intra-molecular "addition to the
double bond. It is felt that III loses the elements of lithium chloride to for
(CII 3 ) 2-C— --C-CH2C1 -"'
:ULl
> (CH3) 2C—C-CHClLi
V I III •
(CH3 ) 2-C:
CII3
:C-CELr2 +
«
[ I
t\ T
C
°^"C00H
3) ii2o
carbene IV, wlrch cyclizes to II. For this process to occur rotation of a geminal dimethyl
group through 90° around a bond with a high degree of double bond character is required.
This can be rationalized since, during the process of rotation (VII
—
> VIII) , when overlap
between the gamma and beta p-orbitals is diminishing, overlap of the former with thf sp?
doubly occupied orbital extending into the plane of the incipient ring will become
increasingly important. This implies that the geminal methyl ^roups facilitate the react
V
VII VIII
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in two ways- with progressive rotation a positive charge will be built up on the gamma
carbon atom, which can be stabilized by the methyl groups and non-bonded interactions
between gamma and beta methyl groups will be relieved. This seems to be supported experi-
mentally, since treatment of 2 -methylpropenyllithium fix) with methylene' chloride gives
a considerably poorer yield (12$) of 2,2-dimethylcyclppropene (X).
(CH3 ) e C=CHLi
1) CHgCl,
,
. ^
IX X
Hartzler (1^) has studied the reactions of several vinylidene carbenes. Treatment of
3-chloro-3-L ethyl-1-butyne (Xl) with potassium-t-butoxide produces a dialkyl vinylidene
carbene (XIl), which can add to styrene to form l-(2-methylpropenylidene)-2-phenylcyclo-
propane (XIIl). G
(ce3) p-c-c=ch ir-t:uc^ (cn3 ) P-fec-=4V
CI
XI XII
CH3
XII + CSH5 CII=CH2 -
—
^ ,A- p =
-^(CH3) 2-C = C=C
c6i-i;
C-CH3
XIII
Hartzler (ik) also has synthesized l-etbynyl-2-phenylcyclopropane (XIV) by treatment
of propargyl bromide with base and styrene. Two suggested pathways are outlined below
©
_S ^ C=C-CII2Br
: C=C=CH2
C6H 5CH=CHg ,
C H5
HC=C-CH2 r
I b HC=C-6 r -Br
v9
-> HC=C-CH: CsH5CH=CHo> CqHc
C=CH;
C== C
XIV
Path a) is perhaps more likely since acetylenic protons are acidic. A distinction
between path a) and b) could possibly be made by use of C14 labelling.
hartzler (15) has established that methylpropenylidene adds stereospecifically to cis
and trans -2-butenes forms l-( 2 -methylpropenylidene) -2, 3-dimethylcyclopropane ( XV) in a
completely Stereospecific manner as shown by analysis of products. The stereochemistry of
the products was assigned on the assumption that methylpropenylidene adds in a cis manner,
as would "be consistent with a carbene intermediate with no unpaired electrons.
(CH3 ) 2-C-C~C T I + ift-Bu®
CI
reslow, et al. (16-22), have used carbenes foa
substituted cyclopropenyl cations.
CH3
CH3 A
^
X/wC=C
XV
/
\
CH-
C=C
1
-H3
CH3
C1 T3
X
p
-*Qr^-Q
the synthesis of phenyl and p_-a i I
XXI: R=R=p-0C,
, R"=H
i
XXII- R=R'=R"=H XXIII R=R=H; 'R"'=jD-0Ch 3 XXIV; R=R'=R''
2-OCH3
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Propyl substituted cyclopropenyl cations were however obtained in a different manner.
R-C^C-R'
Cu
11 A.No-CH-C-OEIT
COpH
,+
iZ)3C"
t
* C104
"
CIO
"hcio4
XVI
XVII
XVIII
XIX
R=R=n-C3HT j R'
T
=H
RsKR t =R " =n-C3HT
R=R ' =Phenyl j R " -n-Q^t
R=R'=Phenyl; R"=H
Resonanc e Energy..andJjolecular_ Orb i tal J&lculations . —Wiberg and Bartley (27) have
estimated that cyclopropens has a strain energy beyond that of cyclopropane of the order of
27 Kcal./mole. The experimentally de ed heat of combustion for cyclopropane was used
to predict a value for the heat of hydrogenation of cyclopropene.
A + ^02 —^ 3C02 + 2H2
2HsC h 2H2 + 2
3C02—+ 3C + 302
^Ha-llB5 Kcal./mole
AH=136.6
££-1=283.
2
' 3C + 2H2
3C + 3H2—=*> ^
AH2es=-66. 6 Kcal. /mole
AH= + 12.7 (51)
k+ H2Q+Hp AQ ah= -53c
9
AB= -26.9
The calculated value of -53-9 Kcal./mole for the heat of hydrogenation of cyclopropene
was compared to the observed value for the heat of hydrogenation of cyclopentene of -26.9
Kcal./mole leading to an estimate that cyclopropene is strained to the extent of 27 Kcal./
mole more than cyclopropane.
Fierens and Hasielski (26) have estimated experimentally that the resonance energy of
the cyclopropane ring in vinylcyclopropane and phenylcyclopropane is +2.1 and -0.6 Kcal./
mole respectively. Since the cyclopropane ring is opened under hydrogenation conditions,
the following indirect approach was used. If a compound C H^ having a hydrogen
double bonds, is hydrogenated and then combusted, the following equation is valid.
CD
For
(y^ + 0ffi2 m + n + a ...—p
—
/J2 > mC02 + ( n + a) Hs° + Qcs
+ Qh
combustion of the unsaturated hydrocarbon, equation (ii) is valid as is (iii) the equation
for heat of formation of 'water. Subtracting the sum of ( ii) and (iii) from (i) and rear-
(ii) CmH2R +
fva. +_n'
v
)o
;
-> mfifib + riH2 + M'Ce
a(iii) QfH2 + •=- 2
rangement gives
^h " QCE + «E
aH2o + aQj.ioO
where Q.
12
0^QCS
':i
heat of hydrogenation
» heat of combustion of unsaturated
^ce derivative.
Q 35 heat of combustion of sature
derivative.
The heats of hydrogenation for vinylcyclopropane and phenylcyclopropane were deter-
mined by this method and compared to values for isopropylethylene and isopropylbenzene
to determine the resonance energy.
Molecular orbital calculations give a resonance energy of 0.6 Kcal./mole for vinyl-
cyclopropane (obs. +2.1 Kcal./mole).
.
The stability of the cyclopropenyl cations synthesized by Breslow et al. , (10-22; is
of considerable interest since Hflckel's kn + 2 pule predicts that they will be stable aro-
matic systems. The experimental criterion of stability used was the cations' pKR+,» which
is defined in the following manner = Tie thee. 1 I berion of stability used was
R
+
+ 2H2 ^± ROH + H3 + pK_+ = -log10kR+
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AD.E. . in units of 8, which is defined as the difference in derealization energyion between the cation and its covalent carbinol, as predicted by simple molecular
orbital theory.
The pK_+ values of these cations (determined by titration with standard base using a
glass electrode and/or by spectrophotometry analysis, observing a suitable band in the
ultraviolet region) , and their calculated AD.E. . values are given in Table I.
Table I
pK^+ of Some Cyclopropenyl Cations and Derealization Energy
Cation pIC+ /±V.E.
*"lT ^"'"'Lon (8)
Dipropylcyc1opropenyI( XVI
)
"
2.7
Tripropylcyclopropenyl (XVTl) 7-2
Propyldiphenylcyclopropenyl (XVIIl) 3° 8
Diphenylcyclopropenyl (XIX.) 0»32
Trianisylcyclopropenyl (XXIV) 6.42 2.45
Dianisylphenylcyclopropenyl (XXl) 5»2 2.40
Dlpnenylanisylcyclopropenyl (XXIIl) 4.00 2.35
Tri phenylcyclopropenyl (XXIl) 2.8 2. 30
A plot ofe-DoE. (p) vso PKL.+ gives a slope of 0.039 8/pKr>+ unit, When the para-
meters for oxygen 05 = a + 8, 8 = 2B are used, An arbitrary selection of 8=
-32 Kcal./mole (a value derived from the assigned resonance energy value of benzene as
-3^ Kcal./mole, compensated for the fact that benzene would not have the same bond lengths
as cyclohexatriene) ( 52) gives a predicted slope of 0.043 8/pKn+ unit.
The pKp.+ values of these ions are not only affected by pi derealization (the
only factor which molecular orbital calculations can predict) , but also by I strain which
will lower the pKp-i-o The inductive effects of the R groups will also affect the pKp+.
The phenyl groups may disturb the solvation of charge, because they themselves are of
low dielectric constant and fill space for polar solvent molecules. In the anisyl series
(XXIV, XXI, XXIII, XXIl) Breslow, st al. ; have assumed the effects due to induction and
solvation to be almost constant,- since the charge is mainly in the cyclopropene ring. In
the phenyl series (XVII, XIX„ and XXIl) these effects are not constant. This Is the expla-
nation offered why in the former a correlation between theory and experiment can be
obtained, while in the latter no correlation car. be obtained. Unfortunately, the possi-
bility that the correlation in the anisyl series is obtained because more parameters are
used in the calculations for the anisyl series than for the phenyl series has not been
considered.
Table I also shows that propyl groups stabilize the cyclopropenyl cation more
effectively than phenyl groups . which might be explained in two. ways : either the C£
are more effectively stabilized by rwr¥:/i groups. However, comparison of XXII with
cancels the latter factor, since both covalent earbinols have stilbene systems, yet the
pK_+ for XVIII is higher.
This implies that the aromatic cyclopropenyl cation will not readily accept more
electrons into its pi system, as required for assistance by phenyls, but can receive the
normal amoung of assistance from inductive effects in which the electron shifts occur
within the sigma bonds.
That XVI, XVII, and XVIII have similar charge structures, with essentially one third
of the charge at each ring carbon is supported by nuclear magnetic resonance spectroscopy.
Differences of chemical shift between alpha and beta methylene protons of the propyl
substituents of the cations XVI, XVII, and XVIII are 1.27, 1-30, and 1.27 p. p.m. res-
pectively. In the contrast the difference for methyl dipropylcyclopropene carboxylate
(24) is only 0.6o p. p.m.
The considerably larger shifts for the cations than for methyl cyclopropenecar-
boxylate may be due in part to a ring current effect, but it must also reflect to a large
extent the fractional positive charge on each ring carbon. Hence, the similarity of XVI
and XVII to XVIII indicates that they have similar charge structures. In addition, the
ring proton of XVT appears 3°0 p. p.m. downfield from an internal benzene standard, which
can be roughly correlated with a predicted shift of 3-1-3.7 p. p.m. on the following basis.
The ring current in cyclopropenyl cation is predicted to be only 25$ of that in benzene,
(16,53) hence the ring proton of XVI is expected to be shifted 1.0-1.3 p. p.m. upfield from
benzene.
cations
i?
XVIII
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The cyclopropene olefinic hydrogen is l.k p. p.m. lower than the protons of cyclopentene
or cyclohexene (25) due to strain effects and consequent rehybridization. Finally, it
has been suggested that the electrostatic chemical shift is proportional to the charge
with a proportionality constant of 10 p.p.m./chg. (5^,55). For a charge of slightly less
than 1/3 these factors lead to a predicted shift of 3-1-3-7 p.p.m. downfield from benzene.
Another attempt was made to correlate molecular orbital theory with the observed sta-
bility of these cations.
A comparison of reduction potentials for XXII and triphenylmethyl cation (22), ob-
tained by triangular wave_ potential oscillography shows that XXII has a reversible reduc-
tion potential of -1.132- 0.001 V and triphenylmethyl cation has a reversible reduction
potential of -0.090 V. Molecular orbital calculations predict a value of -0.504 V
for the reduction of triphenylcyclopropenyl cation. The value of £ suggested has heen
-2.0 eV, which corresponds roughly with the experimental results.
Infrared and Kuclear Magnetic Resonance Spectroscopy .
--Cvcloproncne shows a band at
3076 corresponding to an A3, type vibration; a band corresponding to a Bx type vibration
is not observed (25). ^ P_n^ \r. n'
H
Al
H H
Bl
^
A comparison of the position of the carbon-carbon double bond frequency of cyclo-
propene with other cycloalkenes seems to indicate it is ani©malous. ( cycloheptene,
l6hl; cyclefexme, l6k9; cyclopentene, l6ll; cyclobutene 1566; cyclopropene, l6il) .
Cyclopropene also shows an anommaly in its' nuclear magnetic resonance spectrum.
The vinyl protons of cyclopropene, cyclobutene, cyclopentene, and cyclohexene occur at
t 2.99, 4.03, 4.^0 and k.kl respectively.
Closs (28) has measured the C13 -H coupling constants in the methylcyclopropenes II
and X by observing the proton resonance satellite of hydrogen on carbon-13 in natural
abundance. V X R=H, Jcl3 _H=220 - 1 c.p.s. The vinyl hydrogen thus
^ II R=CH3 , J 13 TT , c + t
c
x
-H=21o - 1 c.p.s.
appear to be more closely related to acetylene than to olefins.
The K of 2,3,3-trimethylcyclopropene-l-carboxylic acid (XXVIl) is 3.7 (11), which
is p ' considerably more acidic than other a, £-unsaturated acids (acrylic acid, pK
k.2; crotonic acid, K 4-7)- Furthermore II can be quantitatively converted to XXVII
by treatment with methyl lithium followed by carbonation. These two facts tend
1) CH3Li
2) C02
CH3 C00H' 'CH3
XXVII pKa 3.7
support the conclusions of nuclear magnetic resonance spectroscopy (l. e. , the olefinic
protons in XXV and XXVI are fairly acidic)
.
Diels-Alder Reactions . —Recently, two Diels-Alder adducts with cyclopropene deriva-
tives serving as dienophiles have been reported (30,31)-
Treatment of tetraphenylcyclopentadienone XXVIII with triphenylcyclopropene (XXIX)
produces heptaphenylcycloheptatatriene (XXX). j , Similarly, treatment
'
Y »M«t'
XXVIII XXIX XXX
of cyclopentadiene with cyclopropene produces l,2-endo-methylene-5-norbene (XXXl).
+
-->
Free Radical Reactions .-- Isopropenyl- and vinyl-cyclopropane have been thermally
isomerized to 1-methyl cyclopentene and cyclopentene, respectively (32,33). The reactions,

performed at 332-330°, followed first order kinetics. There seems to be no evidence to
-V
R=CH3
R
R=H
distinguish between a mechanism involving a
mechanism (XXXIIl).
CH2-CH2-CH-C=CH2 <-> CH2CH2-CH=C-CH2
I
R XXXII &
R
diradical intermediate (XXXIl) and a molecular
RXXXIIl
The activation for this reaction is h^.b Kcal./mole. This high activation for ring
opening is also apparent when free radical decarboxylations of cyclopropanecarboxaldehyd.es
are carried out at 135-1^0 (3*1-). These decarbonylations were initiated by Di-t-butylpero-
xide and carried out in diphenyl ether solution. Though ring opening would be favored by
relief of steric strain and the formation of a resonance stabilized allyl radical, it
does not occur.A m-t-Rutyl.perQX.ide>A A C00H
CHO
^-lh0 ^\ .£-¥
R R=H3 CeHs, CH3
Complexes . --Coffey (35^ has reported a complex is formed when triphenylcyclopropenyl
bromide is heated with cobalt tetracarbonyl anion. Two structural possibilities are
indicated below.
Na
+
Co( CO) 4 + £==^->-xCo( CO) 3
+ KaEr
Curtius Rearrangement.—Vogel and Erf (36) have reported an unusual stereospecific
Curtius rearrangement.
Cis-2-vinylcyclopropanecarboxylicazide (XXXIV) , when heated in benzene, undergoes a
Curtius rearrangement to give cis-2-vinylcyclopropylisocyanate (XXXV), which is readily
transformed into l-aza-cyclohepta-4,6-dien-2-(XXXVl) . The product isolated from trans
2-vinylcyclopropanecarboxylicazide ( XXXVI i) is trans-2-vinylcyclopropylisocyanate
(XXXVIIl)
A
COK3
XXXIV
-^
w±c=o
XXXV
>
W3OC o=c=n'
XXXVII XXXVIII
Hydroxy and Amino Cyclopropanes . --De Puy and co-workers (37,38) have synthesized
1-substituted cyclopropanols from 1,3-dichloroacetone and Grignard reagents in yields
of approximately k-dfo. The reaction is carried OMgX out in ether
-t-CH2 -Cl + RMgX —, Cl-CH2-i-CH2Cl J^V
solution
C1-CH2 -
R
and the intermediate organometallic complex is not isolated.
Other cyclopropanols have been prepared via cyclopropanecarboxylic acids ( 39)
•
_
fl
***** A ^5agcr^ / X ^QH
C6H5 CsRs :sHc
^COOH O^ A Lh^^^o-LhT^A .
Sn5 ^6^5
The intermediate cyclopropyl acetates also can be prepared by other methods.
Treatment of enol esters with iodomethylzinc iodide produces cyclopropyl acetates (k6)

8
CH3-C-O-C-CH3 +
CH
I-CH2-Znl
^0
— C-CH3
Pyrazolones (XXXIX) can be converted to 3-acetoxy-l-pyrazolines (Xl) , which can be py-
rolized to cyclopropyl acetates (4o). The yields are about 50$, and mixtures of cis and
trans isomers are produced where possible, but one isomer usually predominates.
-R" ^R"
R x
r Fb(0Ac) 4 .
XXXIX
y^w* N
OAc A
XL
R»
R lAc
Reactions of Cyclopropane&.and Cyclopajflamines in Ease . —Cyclopropanol rearranges
under the influence of alkali to propionaldehyde (hi, k2)
^X>E
NagC0,3
H2
CH3CH2-CH0
Similarly, the alkaline hydrolysis of cyclopropyl acetate does not give cyclopropanol,
but gives propionaldehyde ( V5) , which condenses to give an aldol condensation product, 2-
methyl-2-pentenal (XLl). CHA 9 ©oh I 3
/_\_o-c!-CH3 HsO* CH3CH2CHg>
—
> CH3-CH2-CH=6-CH0
Kaiser, et al.
,
(kk)
,
have reported that cyclopropylamines can be cleaved to straight
chain amines by treatment with lithium aluminum hydride.
.__ 1) LiAItU
.
IC6H5
-^—r-NHR 2) H2 C6H5-(CH2 ) 3-N-H
Radical Reactions . —Cyclopropanols undergo a rapid ring opening rearrangement reac-
tion when heated in carbon tetrachloride (45). Several peroxides and hydroperoxides ef-
fectively catalyze the reaction.
CCU
,
CH2-CH2-C-R&»
+ CH3-CH-C-R
R* ft'
DePuy has suggested that the reaction involves an attack on the 0-H bond of the alco-
hol, probably with simultaneous ring opening.
R !
R"
•*-r A J( —-*°,c v r-p' + r"h_ ;c-T^R' + r"h
^-^-0H \ ^ ^^ • + R
Cyclopropanol itself can be thermally isomerized to propionaldehyde.
Reaction of Cyclopropylcarbinyl Amines and Alcohol Derivatives . --Solvolysis of di-
phenylcyclopropenylcarbinyl tosylate (XLIl) (23) is believed to proceed via ring expansion
to the diphenylcyclobutenyl cation. Treatment of XLII with aqueous acetonitrile produced
2,3-dipfeftnylcrotonaldehyde (XLIIl) and ethylidenedeoxybenzoin (XLIV). The postulated path-
way follows. C6H5 ^C6H5
XLII
^6^5 / \ CeHs
XLIVH0^
XLIII
The relative rates of solvolysis of diphenylcyclopropenylcarbinyl tosylate: diphenyl-
cyclopropylcarbinyl tosylate; anisylphenylcyclopropenylcarbinyl tosylate are 3:1:11.
Solvolysis in the saturated cyclopropylcarbinyl series is believed to occur via a bi-
Cyclobutonium ion intermediate (2, Vf)
.
D> CH.
©
-CH®** CH,
PM © e 1 "CH2 CH2 CH2 CHg
7
CH2
I I
CH2 -CH2
From the similarity of rates between
the unsaturated and saturated systems it is
reasonable that the process of ring expan-
sion occur s in an analogous manner.
-» <*> Products
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Lansbury and Pattison (k-8) have found that cyclopropylcarbinylbenzyl ether (XLVl),
T
.;hen treated with methyllithium, gave 9h°/o of cyclopropylcarbinylphenylcarbinol (XLVTl) and
6dfi of l-phenyl-5-penten-l-ol (XLVIIl). These results were accounted for by a carbanion
cleavage-recombination mechanism. OE
CsH5 -CH2-0-CH2 -<^| + CH3Li > CsH5 -CH-0-CH2-<] C 6H5 -C=OLi® > C6H 5-C-CH2-<]
X>~^ } OH
jj
H H [>C1I2 H
C6H5-C-(CH2 ) 2-CH=CH2 <— Cs55">? ^C=CH2 ^ 1 XLVII
lAh^-cC
XLVIIl
However these results can perhaps be explained by Sni mechanisms.
OH
CqHs-CH-Oj
> C6h5 -ch-CII2-<]
„ ^CH2 OH
CH<I I
|
^CH * CSH5 -CH-(CH2 )2-CH=CH2
CH2
Bumgardner ( hS) has reported that cyclopropylcarbinylbenzyldimethylammonium bromide
(XLIX), treated under the conditions of the Sommelet-Hauser rearrangement, gives cyclo-
propyl-o-tolylcarbinyldimethylamine (L) (73$) > together with smaller amounts of cyclopro-
pylcarbinylmethyl-o-xylylamine (Li) (l&>) and benzylcyclopropylcarbinyldimethylamine (LIl)
(9; ; ). CH3 CH3 V ?H3
r>-CH2-felI3 ^^ f*lcR3 f* f3 CH2-CH-N-CH3
LQJ L LI LII
XLIX
These results can be explained by a cleavage-recombination mechanism, step a) being
rate determining.
CH3 0H3 CH3
£>CH2-N-CH3 ~ P>-CH-N-CH3 -^ £>CH=N-CH3 L, LIIk^Q k ^0£ 2
CH3
XLIX (TV)
~
rxThey can also be explained by Sni mechanisms. |>-CH—I\T=— CI.
^CH2 ) j.
Bumgardner ( 50) has also reported that cyclo-
propylcarbinylamine is deaminated to 1-butene by
treatment with diflouramine.
r>-CH2-MH2 + HWF2 > ^^^ •*- N2
Two possible mechanisms for this reaction involve a carbanion cleavage or a concerted
process. .(2\ ^
P>-CH2-N=H > CH2VX^CH2 + N2 s^ vT5CI^V
N2 + ^\X^
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RECENT STUDIES OF THE REACTIONS OF OLEFINS WITH PEROXIDES
Reported by J. H. Incremona April 25, 1963
Introduction -- Synthetically and mechanistically, the modification of reactions
involving peroxides, hydroperoxides and peresters with substrates possessing activated
or slightly activated hydrogen atoms has received considerable attention within the
last decade. The synthetic applications of these reactions have been veil reviewed
(1, 2) ; the mechanisms of such reactions, however, have not been elaborated upon until
quite recently. Studies in this field have led to a greater understanding of the oxida-
tion of free radicals in solution by cupric salts. The purpose of this seminar is to
illustrate how the mechanisms of the oxidation of free radicals can be applied to the
reactions of olefins with peroxides to explain the reaction products.
Historical Development -- The modification of reactions upon addition of cuprous
salt is exemplified by the reaction of benzoyl peroxide with 1-octene (3). It is
noted that when reaction is carried out in the presence of cuprous chloride there
results a drastic reduction in yield of high molecular weight polymer and a significant
increase in the yield of benzoic acid (Table 1)
.
Table 1
PRODUCTS FORMED BY THE DECOMPOSITION OF BENZOYL PEROXIDE WITH 1-OCTENE'
a
Products
1. Benzoic Acid
2. 1:1 Adduct
3- 1:2 Adduct
4. l-Phenyl-2-octene
5- High mol. wt. adduct
(aver. mol. wt. 600)
6. C02
Without Additive
1. 6 mole$
2. 20 mole$;(30$r
3. 25 mole$(30fo) b
h
.
negligible
5. 57 molefo
6. 80 mole/o
With Cu2Cl2
1. 72 mole/o
2. 3^ mole#;(77#) ,
3. 34 mole$ ;( lOO/o) D
h, 8 mole$
5 . negligible
6. k2 mole$
Reaction is carried out using 8 moles of 1-octene and 1 mole peroxide at 100°.
Unsaturation in the resulting adduct.
More striking examples involving the modification of reactions utilizing copper
salts are found in the reaction of olefins possessing allylic hydrogen atoms with t-butyl
peresters. When these reactions are thermally induced the result is a diverse variety
of products (k
, 5, 6) . Addition of cuprous salt, however, leads almost exclusively to
the production of the thermodynamically least stable olefinic isomer (reaction 1)
.
(CH3) 3C-0-0-C-j# + R-CH2-CH=CH2
0-H
Cu2Cl2
(CH3 ) 3C0H + RCH-CH=CH2
CO^
(1)
When the reaction of t-butyl hydroperoxide (1 mole) and cyclohexene (excess) is
carried out in the presence of cuprous chloride (reaction 2) , a 60fo yield of 1-t-
butylperoxycyclohexene is obtained. The addition of 1 mole of benzoic acid to the
above reaction mixture affords a 90fo or better yield of cyclohexenyl benzoate (reaction
3) (7, 8).
r^
+ 2(CH3) 3C00H
CU3C13>
r^
C(CH3)
+ ( CH3 ) 3C0H + H2 (2)
r^^i jflcooH ,
+ (CH3) 3C00H Cu2Cl2
'
+ ( CH3) 3C0H + H2 (3)
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In formulating a mechanism which could explain the role of copper ion in the modi-
fication of the reaction of benzoyl peroxide and 1-o.ctene, Kharasch and Fono have found
it necessary to hypothesize the intermediary of a free radical-metal -ion complex (3) .
Complexation was thought to change the selectivity of the radical, inhibiting it from
undergoing disproportionation or polymerization, but rather promoting attack on the
original peroxide.
(0CO2) 2 > 2jZ$C02 °
0CO2 ° + C8H16 > 0CO2CsH16 °
Cu+ + 0CO2C8Hi 6 ° 0CO2C8Hi 6 °Cu
+
j#C02C8H16 «Cu+ + (j#C02) 2 » ^C02CqH15 + 0COOH + 0CO2 \ + Cu+
Similar schemes were also postulated to explain reactions 2, 3, and k.
The Reactions of Peresters with Olefins --Denny, by comparison of the products obtained
in the reactions of allyl benzene and propenyl benzene with t-butyl perbenzoate, errone-
ously suggested the absence of double bond isomerization in the perester-olefin reactions
(9). It is believed that improper analysis of reaction products was responsible for this
Kochi, in a study of the reactions of the isomeric butenes with t-butyl per- ^ror.
benzoate has shown that such isomerization is definitely operative (10)« Upon reaction
of either 1-butene or 2-butene ( cis or trans ) with t-butyl perbenzoate in benzene using
a catalytic amount of cuprous bromide, essentially identical yields of butenyl benzoates
were formed. This mixture of benzoates (in all cases) consisted of 86-90$ 3-benzoxy-
1-butene and 10-l4$ crotyl benzoate. Other experiments confirmed that neither allylie
rearrangement of products nor interconversion of reactants ( 1-butene to 2-butene)
occurred. When the reaction of trans -2-butene with t-butyl perester is carried out in
either benzene, acetonitrile or anhydrous t-butyl alcohol, the products and yields are
the same as those cited above. Using a solution of 83$ (by volume) t-butyl alcohol-
water as solvent, afforded a mixture consisting of 57$ butenyl benzoates and 8/0 butenols
.
Reaction carried out in acetic acid gave a mixture of esters consisting mainly (77$)
of the isomeric acetates, 3-ace,toxy-l-butene and crotyl acetate. In all cases, whether
the products are acetates, benzoates or butenols, the relative ratio of Ctf-methallyl to
crotyl derivative is essentially the same. Moveover, under the reaction conditions
employed, hydrolysis and acetolysis of the resultant benzoates were shown not to occur.
Denny has recently illustrated the existence of double bond isomerization in
reactions involving more highly substituted olefins (11) . The conversion of optically
active A'-p-menthene (I) to optically inactive 2-methyl-5-isopropyl-2-cyclohexenone (II)
represents such an example.
+ ( CH3 ) 3COOCCH3 -^->
"menthenyl acetates"
.0
1. oh ^ /y
[I] 2TT0I
On the basis of the work presented above Kochi has suggested that, although
various intermediate free radical-metal-ion complexes have in some cases been found
necessary, such a condition is not required in the case of the copper salt-catalyzed
reactions with peroxides (12) . A generalized mechanism such as indicated below can
conveniently account for many of the circumstances invoked by all the above reactions
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X00Y + Cu1 — XOCu
I
+ Y0°
RH + YO-
X1
> R° + YOH
R° + XOCu
11, 1X1
•> ROX + Cu
1
The degree to which such a mechanism competes with the usual thermally induced process
is dependent upon the rapidity with which the oxidation-reduction steps i and iii
(particularly iii) proceed. On this basis it might be expected, for example, that the
addition of cuprous bromide to a reaction involving the thermal decomposition of di-t-
amyl peroxide would lead to a drastic change in the resultant gaseous products „ This
is, however, not the case; the major gaseous product is ethane, the same product
obtained from simple thermal decomposition of the peroxide. Addition of cupric
acetate or acetic acid to the reaction mixture, however, yields ethylene, the product
expected upon oxidation of ethyl radical,
* (85-90^)0^6 +t-butyl benzene
( 10-15*) C^H4
+ (lftCCHj
^^^(SWCA + OIDCA
+ (3$)CH4
It is postulated that the addition of cuprous bromide to the reaction yields insoluble
cupric bromide t-amyloxide which can be converted to soluble cupric acetate upon addi-
tion of acetic acid.
(t-AmO) 2 + Cu
X
Br > t-AmO° + Cu^OAm-tjBrJ,
Cu
I:[(0Am-t)Br + HOAc < * Cui:E(0Ac)Br + t-AmOH
Cu
I]:(0Ac)Br + HOAc < » Cu(0Ac) 2 + HBr
Application of the above mechanism to reactions involving t-butyl perbenzoate
and olefin can be written in the following manner:
T 1 TT
(CH3) 3C-O-O-C-0 + Cu -±-> Cu O-C-0 + (CH3) 3C0°
B
(CH3) 3C0° + RCH2-CH=CH2 -ii-» RCH-T.CH~.CH2 + (CH3 ) 3C0H
RCH-TTjCHrrrCH2 + Cu
1X
-0-C-j5 1V > R-CH-CH=CH2 + Cu
1
9 o2cjz5
Evidence for step i in the above mechanisms is quite extensive (13). A classical
example is the induced decomposition of hydrogen peroxide by ferrous salts. The first
step in such a decomposition is a homolytic cleavage of the peroxide:
Fe"
1
"
1
" + HOOH > FeOH
4"4
" + 0H»
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Evans and coworkers have been able to trap the resultant hydroxyl radical using such
water-soluble monomers such as methyl methacrylate and acrylonitrile (Ik) .
Evidence suggesting the intermediacy of t-butoxy radical as shown in step ii can
be demonstrated by noting (a) the formation of telomers such as t-BuO-(C4H6)n+l 2CR
upon catalytic decomposition of t-butyl peresters in the presence of butadiene (or
styrene)
,
(b) that the relative reactivity of cis and trans -2-butene in the perester
reaction (1.3-lA) is of the same order of magnitude as that found in the radical
chain chlorination with t-butyl hypochlorite (1.33-1. 38)
.
The Mechanism of Perester-Olefin Reactions -- The work previously described shows
that in all cases the reaction of t-butyl perester with olefin yields predominantly
a-methailyl isomer. Such results cannot be explained by postulation of either a simple
carbonium ion intermediate or a typical free radical substitution reaction. Table II
illustrates that while the former would lead to nearly equivalent amounts of possible
isomers, a free radical substitution reaction would favor production of crotyl isomers
Table II
PRODUCTS OBTAINED UPON TREATMENT OF BUTENES WITH ACETIC ACID OR
t -BUTYL HYPOCHLORITE
Reactant( s) Solvent Product Distribution
3-Acetoxy-l-butene (48$)3-Chloro-l-butene; Ag Glacial HOAc
©
Crotyl chloride; Ag Glacial HOAc
Crotyl Acetate (52$)
3-Acetoxy-l-butene
Crotyl Acetate (5^$)
_ , /_„ x _--, -. 3-Chlorobutene-l (30$) ,,.->,Isomeric butenes; (CH3) 3C0C1 Benzene ^ _ _, ,, iWUdiv (15)
'
v J/ ° Crotyl Chloride (TO/o)
The above results can be explained, however, by invoking the concept of ligand
transfer as conceived by H. Taube (16-20) . A study of the reduction of various sub-
stituted cobalt hexammines by chromous ion has substantiated the existence of ligand
transfer processes.
Co(NH3) 5X'
H
" + Cr
+2 > Co(NH3) 5
++
+ CrX**
That the transition states for these redox reactions can be represented as possessing
a bridging ligand (III) has been illustrated by experiments such as the following.
[Co(NH3) 5-X—Cr]+4 (III)
When chlorohexammine cobalt ° ion is treated with excess chromous ion, for each mole of
chlorohexamminecobalt 3 reduced .98 gram atoms chlorine was found associated with Cr 3
ion. When this reaction is carried out in the presence of CI36® essentially no radio-
active chlorine is found in the reaction products. The noticeable similarity in
reaction rates when X is n-butyrate, acetate, crotonate and succinate suggest that
attack occurs at a common group, i.e. , the carbonyl group adjacent to the metal. It
has been shown, moreover, that the rate of ligand transfer in the above redox reactions
is in the orders
Br» Cl> RCOa) 0H>OCH^S04
It is assumed that this order of reactivity can be applied to the copper salt
catalyzed reactions discussed in this seminar.
On the basis of the concepts presented above, the predominance of a-methallylisomer
in reaction 1 can be explained by postulating transition state IV for step iv.
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Allyl Radical
+ Cu""" >
s
c—
c
.c==?c ,C=±iC
RC' K
Cu
1W
++ RC^ ^Cu1^ RC'
-c-o o.
c
/0
R
R
Y
R
^Cu
m
IV
prod
Cu
+
Cu
Ov
R
(V)
It is also possible to postulate the intermediacy of an
ion trio (V) (21) j in such a case oxidation proceeds by a
simple electron transfer process. The collapse of such a
species is postulated to lead to nucleophilic attack at the
secondary center (21, 22, 23). The importance attached to
such a proposal is, however, dubious.
Transition state IV shows that the driving force for substi-
tution at carbon atom three is due to the formation of a copper-olefin bond. If such
is the case, prevention of such bond formation should change the mechanism of the
reaction to one involving the intermediacy of a solvated carbonium ion. Product dis-
tribution would serve as an indication of such a change. Various authors (2^-, 25, 26)
have indicated that multiple bonding between olefins and metal ions is unfavored.
Phenanthroline type ligands are thought to resemble olefins in their synergic bonding
with metals of low valence (27, 28) „ It would appear that addition of 1,10-phenan-
throline to the reaction mixture might invoke destruction of the copper-olefin bond
(29) . Evidence for such a situation is presented in Table III. As the weight ratio
of phenanthroline to copper increases, the isomeric distribution of the butenyl acetates
becomes more nearly equivalent. The same effect is obtained in other solvents such as
acetonitrile and with other ligands such as bipyridyl.
Table III
PRODUCTS FROM t-BUTYL PERACETATE AND BUTENES WITH PHENANTHROLINE-COPPER
COMPLEXES
61
Butene Solvent
Cupric
Acetate, g.
1,10-Phen-
anthroline Phen/Cu
Butenyl
Acetate
,*
a-Methallyl
Acetate ,°/o
cis A .300 81 92
cis A o302 .302 1.00 80 83
cis A .303 0609 2.01 57 58
trans B 1.203 90 89
trans B 1.202 .603 .50 82 67
trans B
of t-t
1.202
>utyl peracetate
1.201
(0.15 mole)
1.00
and butene
8^
(0.8 mole) in
60
rRe action 100 ml. solvent
A = Acetonitrile,B = Benzene
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There is evidence to suggest that if copper-olefin bond formation is not possible,
such as in the oxidation of primary free radicals, cupric salts possessing poor ligand
transfer groups (cupric acetate, etc) are capable of promoting oxidation only by a
simple electron transfer process (30 , 31, 32). For example, the oxidation of ethyl
radical by cupric acetate yields ethylene not ethyl acetate. Similarly, the reaction
of norbornadiene with t-butyl perbenzoate affording 7-t-butoxynorbornadiene is thought
to proceed through a carbonium ion intermediate (33-35T»
The Oxidation of Radicals by Cupric Chloride --In contrast to the oxidation of
allyl radicals by cupric benzoate, etc., cupric chloride is observed to yield primarily
terminally substituted chloride. This implies that with good ligand transfer agents
like chloride, copper-olefin bond formation is unimportant. It is interesting to note
that the reaction of butadiene and t-butyl hypochlorite afforded a chloro-t-butoxy-
butene mixture which had the same composition as a mixture produced from the
reaction of butadiene and t-butyl hydroperoxide in the presence of ferrous and cupric
chlorides (36) . These results suggest that both reactions proceed through similar
transition states. The possible resonance structures which can be written for an
acyclic process of this type are shown below. On the basis of evidence to be shown
subsequently, it is believed that carbonium ion contribution to suck a transition state
is negligible.
Allyl
Radical + Cu
+
RC
SsyC-C- X-Cu
1X9
RCf
C-C X-Cu~
«r-> RC
C-C-X CuW
•> prod. + Cu
+
If the above conclusions are correct, we would expect that electron transfer
processes could be hindered if carbonium ion formation is made difficult (37) . Evidence
for this has been observed upon oxidation of the adduct radicals formed by the addition
of carbomethoxy radical to various olefins (38, 39)° The results of this study, carried
out in methanol, are shown below. Reactions between cupric sulfate and primary radical
(electron transfer) can be prevented if an electron withdrawing group is appropriately
located on the olefin. In all cases where the substituent is an alkyl, aryl, vinyl or
a similar moiety capable of stabilizing a positive charge, oxidation occurs readily with
both cupric chloride and cupric sulfate.
^
CuS04
CH3OC(CH2) 6CH-0
OCH3
CUCI;
CuS04
Styrene
CH30C(CH2) 5
Acrylonitrile
CH30-C-(CH2) 6CH-C1
b
> No oxidation
products
CUCI;
N
* CH30C CH2 6-CH
Intervention of Foreign Nucleophiles in the Substitution Process — The inter-
vention of foreign nucleophiles in copper- salt catalyzed reactions has been observed
in reaction 3 as well as in a multitude of other reactions, i.e. , the reaction of 2-
butene and t-butyl perbenzoate in acetic acid or aqueous t-butyl alcohol. It is
possible to postulate two routes by which such substitution can occur. One might
involve substitution in the ion-trio previously described. Alternatively the cupric
salt (CuB) can metathesize with foreign nucleophile (HA) to form other cupric salts
which can participate in step iv.
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Cu^B + HA^± CuI]IA + HB
Reaction 2 is, therefore, formulated as proceeding by the following mechanism:
t-BuOaH + Cu
1
> t-BuO« + Cu OH
Cu
n
OH + t-BuOaH ^=± Cu^OaBu-t + H2
t-BuO* + RH > t-BuOH + R°
R- + Cu
I]C
O^Bu-t > ROaBu-t + Cu
1
The addition of sufficient benzoic acid to the reaction medium permits the following
reaction, which explains the results observed in reaction 3°
TT TT
Cu OH + 0COOH <—
»
Cu 0^ + HOH
The Reaction of Benzoyl Peroxide with Olefins -- Although not noted previously,
unlike reactions involving peresters, the 1:1 adduct obtained upon reaction of benzoyl
peroxide with 1-octene is believed to be predominantly l-benzoxy-2-octene„ It is of
interest to investigate such an anamoly in terms of what is known concerning the oxi-
dation of free radicals in solution. Table IV shows the results obtained upon treatment
of benzoyl peroxide with 1-butene and 2-butene in the presence and absence of cuprous
salts (kO) .
Table IV
THE REACTION OF BENZOYL PEROXIDE WITH BUTENE
a
Benzoic High mol. Overall Meth-
Butene Solvent CuBr,g. Acid,# W"t. , ester r* Benzoate allyl> Crotyl Jo
cis-2 Benzene 21 59 97 3 0,1
cis-2 Benzene 0.161 eh 33 lh 78 h
cis-2 Benzene
HOAc
O0I65 60 11 72
19
91
95
0.1
5
1- Benzene k6 57 22 3h
1- Benzene
HOAc
0,202 23 30
12
6
91
81
9
values given in mole $,
It is observed that while overall modification of products for 1-butene and 2-
butene are very similar, closer inspection of product distribution shows striking
differences. It is noted that while the C4 -benzoate mixture for 2-butene is heavily
weighted in favor of CC-methallylisomer, 1-butene favors crotyl derivative . Even more
striking, however, the acetate fraction formed in the latter case favors a-methallyl
isomer.
The thermally induced decomposition is formulated as involving decomposition of
benzoyl peroxide to benzoxy radicals, which unlike t-butoxy radicals undergo addition
with the isomeric butenes. Upon addition of cuprous salts to the reaction medium
oxidation of the intermediate benzoxybutenyl radicals becomes all important.
C6H5CO2CHCHCH3 + Cu
11
> C6H5C02CH-CH=CH2 + Cu
+
+ H
+
CH3 CH3
CsHsCOaCHaCHCHa-CHa + Cu
11
—* C6H5COaCH=CHCH3 + Cu
+
+ H
+
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The oxidation of the above radicals explains the formation of the observed benzoates,
but not the product distribution observed in the acetate mixture for 1-butene. This
suggests that there are two methods by which ester formation is occurring. It is
postulated that the acetate fraction is being formed via a butenyl radical intermediate
C6H5C02 - + C4H8 -> CsH5COOH + C4H7 '
Cu
i:[
C02C6H5 + HOAc «—
»
Cu
i:C
OAc + C6H5COOH
Cu
II:
OAc + C4H7 < -> C4H7OAC + Cu
3-
4.
5°
6.
7-
8.
10,
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23*
24.
25.
26.
27.
28.
29 =
30.
31.
32.
33 =
34.
35-
36.
37.
38.
39.
40.
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THE STRUCTURES OF HERQUEINONE AND ATROVENETIN
sported by W. C. Ripka April 29, 1963
Herqueinone, a brick-red colored pigment from Fenicillium Herque , was first isolated
oy Stodola, Raper and Fennell in 1951 (l) a^d found to have the empirical formula C20H2o ^T"
•
k morphologically related species, Penicillium Atrovenetin , was later shown to produce a
substance called atrovenetin, CxgHxsOe, which was thought to be structurally related to her-
queinone (2). This relationship was shown by Barton, ejt al„(3).» in 195& when they reduced
aorherqueinone, CigH^O-^, with zinc dust in glacial acetic acid to obtain deoxynorherquei-
ione, CxqExqOb, whose triacetate was identical to the triacetate obtained from atrovenetin
itself.
The starting point of the subsequent structural investigations of herqueinone and atro-
venetin was provided by the ultraviolet spectrum of xanthoherqueinone tetraacetate,, norxan-
thoherqueinone pentaacetate, deoxyherqueinone diacetate and deoxynorherqueinone triacetate
'^atrovenetin triacetate) . The relationships between the various derivatives of atrovenetin
'and herqueinone are shown in Figures 1 and 2 (1, 2, k) . The ultraviolet absorption spectra
extract with
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ether
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[C19E17 6(OCH3)]
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Figc 2. Derivatives of Atrovenetin
of all these compounds were similar to the spectrum of 9-hydroxy perinaphthen-i-one (i) (3)
From the UV spectral data, then, atrovenetin apparently has the same nucleus as both xan-
thoherqueinone and norxanthoherqueinone whose spectra, in turn, indicate these are perinaph>
thenones. Xanthoherqueinone and norxanthoherqueinone can be oxidized with nitric acid to
give nitrococussic acid ( II) , which was as isolated as the methyl ester methyl ether (5),
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The acid (ii) can be decarboxylated to 2,4,6-trinitro-3-cresol, which was identified by
comparison with authentic material. Barton et al. (5), explained the nitrococussic acid
degradation product from norxanthoherqueinone by proposing that two of the nitro groups
were introduced by electrophilic decarboxylative nitration (6). This decarboxylative
nitration finds analogy in the nitration of carminic acid (ill) (7)
CH3 OH
If norxanthoherquenone
C0( CIIOH) 4CH3
HM>
II
:o2ho OH
III
has the perinaphthenone nucleus, the ring preserved in the nitrococussic acid must be the
one which bears a methyl group and one phenolic hydroxyl group. Since there are seven
oxygens in norxanthoherqueinone if the basic structure is the perinaphthenone nucleus,
and one ring contains a methyl and a hydroxyl group (one C-H substituted to C-N02 in the
nitrococussic acid) , the rest of the carbon atoms in the molecule that can accomodate sub-
stituent groups must be attached to oxygen. Then norxanthoherqueinone must have the struc-
ture TV (or tautomer) . This then also must represent the basic nucleus of deoxynorherquei-
none and, hence, atrovenetin, OH
OH L ^
CH3 OH IV
It has also been found (2) that atrovenetin contains a minimum of four hydroxyl
groups, no methoxyl groups, and at least three and probably four methyl groups attached to
carbon. The infrared spectrum indicated the presence of a conjugated carbonyl.
atrovenetin
(CisiHieOs)
1|._0H
3-4 CH3-C (Kuhn-Roth)
C-C-C- (IR, 1630 cm"
From the information above, five of the six oxygen groups can be accounted for in atro-
venetin as the four hydroxyl groups and one conjugated carbonyl. The tetramethyl ethers
of atrovenetin were shown to be insoluble in aqueous sodium hydroxide indicating that the
remaining oxygen function was ethereal (2), The molecular formula, and the facts that no
volatile fragments were obtained on ozonolysis of herqueinone, and that methyl isopropyl
ketone is obtained on acid hydrolysis of norherqueinone led Barton, et al. ( 3) , to propose
that the ethereal oxygen atom is probably incorporated in the basic nucleus as the
grouping -C(CH3) 2-CH(CH3 ) -0- and attached, as a ring, to the aromatic system.
It was necessary next to determine whether the ether bridge was attached to ring B
or ring C. Atrovenetin can be oxidized with alkaline peroxide to give a compound,
cisHi 6 s (V) , which is identical with the product obtained when deoxyherqueinone is
oxidized with chromic acid (5). This new compound, c\o&±eOes gave an IR spectrum
Atrovenetin
(C1gH 1. 8 s ) H2 2 , OlP
Deoxyherque inone
[C19H17 5)0CH3)]
CisHisOe
V
CrO T
+
3>
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Bhich showed the distinctly characteristic carbonyl "bands present in 2,7-dihydroxy~I,o~
naphthaiic anhydride VI (Table l)(5). When irradiated with ultraviolet light both V and VI
(X 0.0
xhibit strong blue fluorescence which may be indicative of the
-C-0-C- bridge in the peri
position of naphthalene (10). The partial structure VII was, therefore, assigned to V.
The correctness of this structure was eiven additional support by the large shift of the
VII
C5H2.0O
carbonyl bands in the infrared when V was acetylated. This shift is observed when the
dihydroxy naphthalic anhydrides themselves are acetylated and is attributed to the presence
of hydrogen bonding in the phenolic compound ( 5)
•
Naphtha1ic Anhydr ide
'
Compound Carbonyl Bands (lJujol)
cm" 1
1765 1735
1760 1720
1750 1720
1720 1685
1703 1660
Naphthalic anhydride
2 , 7-Diacetoxynaphthalic anhydride
Anhydride VII diacetate
2,7-Dihydroxy naphthalic anhydride
Anhydride VII
From this evidence it is apparent that the precursors of V, atrovenetin and deoxyher-
queinone, must have hydroxyl groups in the h- and 9-positions of the perinaphthenone
nucleus. Since the structure of ring A had been assigned and since structure VII apparently
retains the C5Hlo0-fragment discussed above the ether bridge can only be located in ring B
and, it was suggested, can be attached in one of two ways (VIII or IX) . To determine
which of these is correct atrovenetin was oxidized with nitric acid to obtain a phenolic
OH OH
VIII X
product C15H141J209 which was assigned the structure X (5). This indicated that IX con-
tains the correct linkage of the ether bridge.
The evidence that X is the oxidation product was, however, based in part on specu-
lation. First, X could serve as a precursor to nitrococussic acid, also obtained in the
nitric acid oxidation of atrovenetin. Second, structure X might rationalize the com-
pound' s stability to the oxidation conditions employed. Third, X shows infrared carbonyl
bands at 1785 (/-lactone) and 17^0 ( phthalide ' ring) cm" 1 . When treated with base and
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diazomethane a methyl ether methyl ester was obtained with infrared bands at 17^5
(y-lactone) and 17^-0 (methyl ester) cm" 1 . This was compared to the carbonyl band for XI
MeO COpMeCOpKe
N02 N02
CH3 XI CH3 XII
at 17^0 cm" 1 . Also, the ultraviolet spectrum of XII is quite similar to that of X. The
n.m.r. spectrum of X was used by Barton, et al„(5), to confirm the structure of the bridge
to be as shown in VIII and IX (Table II) rather than -CH(CH3 ) -C( CH3 ) 2-C-, the alternative.
TABLE II
M-'lR of Compound X
Group Chemical Shift
gem-Dimethyl 1222, 1218 c/s
Aromatic methyl llj^i- c/s
(T 9.14. T 9.0k)
(t 6.9h)
CH3-C-0 1209 c/s (-T 8.82)
(doublet, J=6„5 c/s)
H-C-0-
a
1066 c/s (t 5-24)
(quartet, J=6.5 c/s)
The resonances refer to spectra at ^0 Mc with resonance
positions relative to external toluene, the aromatic line
of which was given the arbitrary value of 1000 c/s. The
values in parentheses are approximate tau values for these
resonances at 60 Mc, calculated for this seminar, using
cyclohexane as an internal standard.
Barton compared these resonances with those of XIII and XIV as model compounds. By
XIII CH3C0CH2CH3 1212 c/s (t 8,89)
XIV ( CH3 ) 2CH0C0CH3 1068 c/s (t 5,29)
establishing the position of attachment of the ethereal bridge it is possible to assign
structure XV (or tautorner) to atrovenetin.
OH
XV
Faul and Sim (ll) have recently reported an X-ray crystallographic study of the
ferrichloride of atrovenetin orange trimethyl ether (XVl) and have found that the attach-
ment of the ether bridge to the perinaphthenone nucleus is as shown. Thus, the structure
for atrovenetin proposed by Earton, et al (5) , must be revised to XVII. Since the origi-
nally proposed structure for atrovenetin was based on the proposed structure of the phenol

one
XVI
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XVII
X, it seemed probable that a rearrangement must have occurred, in the nitric acid degrada-
tion. Sim and laul suggest that such a rearrangement night go through an intermediate
such as XVIII.
nop o
o
XVIII
-*- X
The structures of certain of the derivatives of atrovenetin shown in Fig. 2 can now
be deduced. In particular, the atrovenetin yellow other can be oxidized with chromic acid
to give a yellow anhydride (2). The orange ether can be similarly oxidized to give an
orange anhydride. However, whereas the orange anhydride can be oxidized with nitric acid to
give nitrococucsic acid the yellow anhydride cannot ( rj) . Therefore, the A ring of the
orange anhydride must not contain a mcthoxyl group. Hence, the structures XIX and XX can
be assigned to the orange and yellow anhydrides, respectively. If one assumes that the
V
01 le
XIX
un.cthylatcd hydroxy! group and the carbonyl group form a peri-hydrogen bonded pair the
trimethyl ethers from which the anhydrides are derived can be represented as XXI and XXII.
OMe Oho
Ohc 010
XIIXXI CH3 fQ_
CH3
The infrared absorptions support the conclusion that the carbonyl functions of XXI and
XXII are hydrogen bonded, (Table III) (5).
TABLE III
Hydroxyperinaphthenones
Compound lands (nujol) , cm-l
Perino phthenone
9-h; oxyperinaphthenone
Atrovenetin orange trimethyl ether (XXI)
Atrovenetin yellow trimethyl ether (XXIl)
Atrovenetin tetramethyl ether A
Atrovenetin tetramethyl ether B
1657 1582
1625 1565
1615 1557
1607 1590
1650 1577
1613 1600
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It has been shown that one of the trimethyl ethers of deoxyherqueinone is Identical
with the orange trimethyl ether of atrovenetin (5). Since deoxyherqueinone,
CigH1705(0CH3 ) , on oxidation gives the anhydride VII with loss of the methoxy group, this
group must he located in ring C. This gives the probable structure of deoxyherqueinone
as XXIII or XXIV. OMe OH
XIII XXIV
The identity of deoxynorherqueinone triacetate and atrovenetin triacetate implies that
there is a fundamental structural relationship between herqueinone and atrovenetin. With
the structure of atrovenetin established the structure proof for herqueinone could be
undertaken. Herqueinone had been shown to have a minimum of three hydroxyl groups, one
methoxyl group and at least three and probably four methyl groups attached to carbon (h) .
Among the derivatives of herqueinone reported by Raistrick, et al. (h, 2), are the isomeric
trimethyl ethers called trimethyl herqueinone A and trimethyl herqueinone B (Pig. l)
.
Trimethyl ether B was selected by Cason, et al. (12), as a route to the structure of her-
queinone because of its availability and its susceptibility to hydrolycic degradation.
iJhen trimethyl ether B was treated with sulfuric acid it was cleaved to yield isopropyl
methyl ketone as a product. The basic hydrolysis of ether B gave no volatile carbonyl com-
pounds but gave lc$> of formic and kf of acetic acid.
It was shown by Cason, et al. (12), that the basic hydrolysis of ether E took the fol-
] owing course:
C23^26^7
( ether B)
OH&
exclusion
of 2
C20H24O7
(an acid)
OH
Cj
Ci7^1007
(a naphthalic anhydride)
C02H COCH(CH3 ) 2 The intermediate mono-acid is insoluble in bicarbonate solution and
shows infrared absorptions in chloroform solution at 3510 and
3230 cm' 1 in the hydroxyl region and 17^5 and 1700 cm" 1 in the car-
bonyl region. In a nujol null there are only two bands, 3230 and
1700 cm" 1 . Cason, et al. (12), proposed that these data are con-
sistent with an 8-acyl-l-naphthoic acid which exists partly as the
cyclic lactol in solution. The partial structure XXV was then
assigned for the intermediate acid. The high absorption of the
lactol carbonyl, 17^3 cm" 1 was ascribed to steric inhibition to
conjugation because of substituents at the 2,7 positions (cf. below)
k OCHq, CH3.> *-3>
The basic cleavage of this acid in the presence of air, to the anhydride, finds
analogy in the following cleavage (15). CH3
0-C-CH(CH3 ) 2
-~EU°
> 0CO2H + ^CH-OH
Oz
CH-
It is possible that the reaction proceeds either by a mechanism similar to that of the
Baeyer-Villager oxidation or through the transition state XXVI of the type suggested
by teruyania (14). CoJ^£^H , C02H C02e
©OH
XXVI + (CH3 ) 2CH0H + OH"
This course of oxidative basic hydrolysis was given support by the synthesis and basic
hydrolysis of 8-isobutyryl-l-naphthoic acid (XXVTl) (12).

CH<
CH<
C02H COCH(CH3 ) a
^CH4-5— Cd +
XXVII
(CH3 ) 2CHOH
The anhydride (l750, 17l6 cm-1 ) from the alkaline degradation of the trimethyl ether
B gives a derivative with hydroxy1 amine which shows a shift in both infrared bands (1685,
1642 cm" 1 ) . This tends to rule out the possibility of the anhydride being in fact a
keto-lactone. Similar shifts of the infrared bands are seen for the hydroxyl amine deri-
vative (1705, 1685 cm-1 ) of 1,8-naphthalic anhydride (1765; 1735 cm"1 ). The ultraviolet
spectra of the degradation anhydride and methoxy-l,8-naphthalic anhydrides are very simi-
lar. Also, the potentiometric titration of an alkaline solution of the anhydride is nearly
identical with that for 1,8-naphthalic anhydride (9)» Finally, the n.m.r. spectra of ether
B, the degradation acid, and the degradation anhydride all support the conclusions above
as well as providing additional information (Table IV) (12).
TABLE IV
M-'iR Spectra of Ether B and its Degradation Product;
Type of Proton (in CDC13 ) Tau values (number of H)( splitting)
Degradation Degradation o3
Ether B Acid Anhydride Product
Ar-H 3-46 (1) 3.35 (1) 3-20 (1) 3.18 (1)
-O-C-H 5.00 (1)
( quartet , J=6 c/s)
5-18 (1)
( quartet , J=8 c/s)
Ar-0CH3 6.02 (3)
6.10 (3)
6.12 (6)
5 * 9 (12)
6.02 j
5.83 (6)
5-90 (3)
5-97 (3)
6.11 (3)
6.26 (6)
6.49 (3)
Ar-CH3 7.3S (3) 7.25 (3) 7-11 (3) 7.42 (3)
-0-C-CH3 8.65 (3)
(doublet, J=6 c/s)
8.72 (3)
(doublet, J=8 c/s)
/CH3 8.75 (3)
C
^-CH3 8.79 (3) 8.73 (6)(doublet, J=2 c/s)*
8.85 (6)
-OH (lactol) 2.70 (1)
^Although this is an unusually small coupling constant for this type system, the authors
point out that a value of only 3 c/s was observed for the same methyl protons in 8-
isobutyryl-1-naphthoic acid.
When the degradation anhydride is demethylated only one of the carbonyl bands is
shifted to lower wave lengths (from 1716 to 1670 cm" 1 ). Barton has shown (5), in the
case of the 2,7-dihydroxy-l,8-naphthalic anhydrides, that the carbonyl bands are shifted
to higher wave lengths on methylation indicating strong hydrogen bonding for the dihydroxy
compound. Carson, et al. (12), have given further confirmation of this behavior in the
case of 2-hydroxy-l7^-naphthalic anhydride XXVIII where one hydrogen-bonded and one non-
hydrogen-bonded carbonyl are -present. It then follows that in the degradation anhydride
C C
XXVIII
^0=0' 1765, 1715 cm" 1
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:nly one methoxyl group is present in either the 2- or the 7-position. A series of sub-
stituted 1,8-naphthalic anhydrides was prepared in an effort to locate the methyl group in
me of the rings by its chemical shift (Fig. ')) (12). o
CO
(t 5-67)
CH*.0.
(t5.75)CO CO
CH3O
CH3O
(T5-92)
(t 7.00)
CH3
CH3
(t 7-10)
Fig. 3- N.M.R. of Substituted 1,8-Naphthalic Anhydrides (in CF3C02H)
The degradation anhydride XXIX (in CF3C02H) gives the following chemical shifts (12).A 1
I
^-OCH3 (t 5.6 1}, 5-75, !3.6Sj
J -CH3 (t 6.99)
Froru these results a tentative partial structure XXIXa was assigned to XXIX. Because of
the small chemical shifts involved, however, this argument does not seem conclusive, but
riTT r\
XXIX
3 OCH3, II XXIXa
partial structure does agree with Earton's results for atrovenetin.
To locate the additional three carbon atoms, which are combined with XXIX to form tri-
; 1 -''"her B, the n.m.r. data in Table IV were used. If the assignments are correct the
I 2ctral data indicate that in going from the ether B to the degradation acid the fragment
IH3-CH-O- is lost. This accounts for two of the three carbons lost in the transformation.
Since from the infrared spectra it is apparent that two carbonyl functions are present in
the ether B one of these must be the third carbo; Lost in the degradation of ether B. The
keto group in the degradation acid XXV (1700 cm'" 1 ) is probably not one: of thp keto groups
in ether B since one of these absorbs at 1750 cm" 1 ,too long a wavelength for an aryl ketone. r<?r
methyl isopropyl ketone to be obtained or - d cleavage of ether B the gem dimethyl group
must be attached to the carbon of the CH3-CH-O- fragment above, but since the n.m.r. peaks
of these methyl groups are unsplit, carbon "a" of this new fragment XXX cannot bear- a hydro-
gen and must be attached to carbon. Cason, et al. (12), then proposed that the only struc-
CH3-CH-O-
CH3-C-C-3
I \
CH3 XXX
lure that can be written for ether B which is consistent with the spectral and chemical
data, and which has an oxygen ; on on each of the carbons attached to the aromatic
nucleus is XX] [. It has been ,h n reo itlv (15, l6, 17) that hydrogi 1 boim In 0x1
rings (hydrogens s
.J a cent to the oxygen) occur ir< id t rj i
agreement with that found for ether B.
The ozonolysis of ether 3 elds a new compound, Y: - 1
(13). The structure of this compound was not determined. Al
26 hydrogen atoms in XXX] 1 n -counted for in the assignm< i1
of Table IV. The hydrogen atoms, not on the naphthal<
in ether B seem to be in the
_,
,
.
01" groups in XXX 1.1 In
the ozonolysis product it is scon from Table IV that the
methoxyl group resonances have moved upi'ield whereas bh< roma-
tic hydrogen is shifted downfield and the methyl group is
relatively unchanged. • Cason, et al. (12), proposed that
XXXI
C23H26O7
- —> C22H2609
( -her B) XXXII

jthis is consistent with a structure where three methoxyl groups are in one ring, while the
other ring contains one methoxyl and the methyl group- The authors state this would be
expected if the ring containing the three methoxyl groups were opened on ozonolysis. This
bould cause an upfield shift. Similarly,, if the ring with the methyl group and aromatic
hydrogen had been opened a distinct upfield shift of the resonance positions would be
expected, instead of the downfield shift actually observed.
The location of the methyl group with respect to the oxetane ring can be assigned from
the work of Barton, et al. (5), on atrovenetin and its relationship to herqueinone ( XXIII
and XXIV) . Therefore, the complete formula for trimethyl herqueinone B becomes XXXIII.
OCH3
0CH3 >^^^-0CH3
OCH
XXXIII
With the structure of trimethyl herqueinone B'and the relationship between deoxyherqueinone
and atrovenetin established (5,12), a structure for herqueinone can be assigned (XXXIV)
which appeals to satisfy the chemical and spectral data. The exact location of the methoxy
OCH3
XXXIV
group is at yet uncertain. The formation of the oxetane ring in the trimethyl ether B can
be thought to come about as follows. OCH3
110
-^^V-OH
;§ (CH3 ) 2S04v XXXIII
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RADICAL ANIONS AND ELECTRON TRANSFER REACTIONS
Reported by L, Miller May 2, 1963
I. INTRODUCTION
This seminar is concerned with the intimate structure of radical anions and their
electron transfer, exchange reactions „ Electron transfer reactions can be thought
of as simple oxidation-reductions , There are a tremendous number of organic reactions
which involve electron transfers, undoubtedly more than have been suspected „ However,
the actual mechanism of the transfer of an electron in organic reactions is still
quite unknown,, Inorganic chemists have achieved notable success along these lines by
studying simple exchange reactions, especially those where no overall chemical change
is involved, Radical anions present this same possibility for organic reactants in
less polar media,,
Radical anions, as the name indicates, are substances which contain both an un-
paired electron and a negative charge. The easiest way to form a radical anion is by
adding an electron to a neutral molecule „ Compounds susceptible to this addition
generally have a low lying, empty « -orbital and a high electron affinity. The electron
donors most widely used are the alkali metals. Several classes of compounds have the
ability to form reasonably stable radical anions. These include 1) various types of
substituted benzenes, condensed ring aromatics and heterocyclic aromatics, 2) aryl or
cyano ethylenes, 3) arylated ketones and hydroquinones.
Electron transfer reactions have been studied in inorganic systems for some time.
Some of the findings of the inorganic studies and theoretical kinetic studies of
reactions in aqueous solution indicate the problems and possible mechanisms to expect
from organic electron transfer reactions. For instance, many of the reactions which
appear to be electron transfers have been shown to be atom or ligand transfers (1)
„
In systems of radical anions the possibility of metal atom exchange instead of electron
exchange should be considered.
Theoretical kinetics, as expected, does not produce many accurate numbers, but
the work has led to some interesting conclusions and posed some questions that must
be answered by experiment. The following discussion is in terms of an exchange
reaction where no chemical change takes place, as in the reaction shown below, where
A might be anthracene and A- the anthracene radical anion. The rates have generally
been calculated using Figure 1 as a model. The first activation energy results from
a diffusion process. The reactants approach one another and the solvent is reoriented
to give a high probability of transition. The second step is the electron transfer.
It is shown as the highest point along the reaction coordinate, although this isn't
necessary and some authors have justified the rates of inorganic electron transfers
by diffusion processes alone.
A + A^± A + A"
A + A"
Reaction
Figure 1
One of the main problems is deciding how the electron is transferred. It could
be a "normal," adiabatic, transfer with a continuously shifting electron distribution
or a non-adiabatic reaction, where the electron undergoes a discontinuous jump from
one molecule to another. The adiabatic mechanism requires close contact of the
reactants so that there is overlap and resonance stabilization of the activated com-
plex, (in Figure 1, e is large) , In non-adiabatic reactions the electron is treated
as a discrete particle and the changes are restricted by the Franck-Condon principle(2)
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Since the electronic shift is faster than any atomic movement, the solvent must re-
orient itself before transition „ A non-adiabatic mechanism requires the value of the
transmission coefficient to be less than unity, since there is a probability that the
reactants will not stay on the lower energy surface „ Electron transfer is probably
due to tunnelling through the barrier to reaction (3)-
The calculations which use the most refined approximations for solvent effects
give a reasonable enough correlation to the experimental data so that one cannot
decide between the two mechanisms (k, 5) . In going from inorganic cationic reactions
to organic radical anions the main changes are the differences in solvent polarity and
structure of the reactants. Most inorganic ions in aqueous solution have a definite
solvent coordination while organic ions in less polar solvents usually have a relatively
unstable coordination sphere. The amount of reorientation of solvent should be
minimized, since the charge on these resonance stabilized ions is spread out and the
solvent is relatively non-polar.
II. METHODS OF STUDY
The structures of radical anions, their intermediacy in reactions and their
equilibria have usually been studied with physical rather than chemical methods.
Chemical methods have been relatively unproductive. Product studies, for instance,
often lead to erroneous conclusions, due to multiple intermediates. The physical
methods employed have been polarography, potentiometric titrations, optical absorption
spectroscopy, static susceptibility measurements and electron spin resonance
spectroscopy. The first two have proved valuable from the standpoint of verifying
the number of electrons transferred to the reactant(s) as well as the ease of reduction.
From this knowledge one can sometimes determine the relative stabilities of the radical
anion and dianion as well as their mode of formation. Ultraviolet and visible spectro-
scopy has not been of extensive value, but shifts in the absorption maxima as solvent
or counter-ion were varied have been used to examine the intimate structure and
equilibria of several radical anion systems. Electron spin resonance (e,s.r.) has
replaced magnetic susceptibility measurements for the study of organic radical anions.
E.s.r. has, in fact, been the outstanding tool in the study of radical anions and
electron transfers.
When a specimen containing unpaired electrons is placed in a magnetic field,
transitions between the formerly degenerate electronic spin states can be induced with
microwave radiation. The e.s.r. spectrum which is obtained by sweeping through a
magnetic field range is determined by the variations in g value, the values of the
hyperfine splittings and the width of the absorption lines. The variations in g value
are negligible for organic radical anions, since the spin-orbit coupling, which is the
main factor in determining the variation in g value, is quenched by the asymmetry
produced by the covalent bonds. Thus, there, is no variation in spectra analogous to
an n.m.r. chemical shift. The hyperfine splitting is due to interaction of the
electronic spin with nuclear spins. Each nucleus with spin In will split the single
electronic absorption line into 2In+l lines. The theory of hyperfine interactions
has been thoroughly discussed (6) and reviewed (7) and no further consideration will
be given to it in this seminar.
The line width is determined by several factors (8)
;
1) unresolved structure and shifts in spin energy levels,
2) dipolar broadening from random neighboring spins,
3) anisotropic broadening,
h) motional narrowing,
5) finite lifetime of spin states.
A normal spectrum for a free radical is spread out over some 108 cycles/second
and the normal line breadth is on the order of 105 cycles/second. Therefore, the
study of chemical events occurring at rates extending from 104 to 109 times per
second is feasible. In order to determine rates from line widths we must confine our
measurements to factor 5° The broadening must be sufficient to make any broadening
from the other relaxation phenomena negligible. There are several kinds of events
capable of broadening lines. These include creation and destruction of unpaired spins
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and migration of spins among different environments „ As one goes from slow to very
rapid electron transfer, the individual lines will first broaden, then coalesce and
finally a single sharp peak will be obtained as the electron is exchanged much more
rapidly than the lifetime of a nuclear spin state and therefore encounters an average
nuclear spin state . Several assumptions are made. The changes must be uncorrelated
and the rate of exchange independent of the initial and final spin state . The spin
of an incoming electron must be random,, Secondly, the magnetic pulse during transfer
must not contribute to the line widths
There are two theoretical treatments of line broadening due to exchange, Weissman
(9) and Fraenkels'( 8) from the point of view of the uncertainty principle and one by
Sohma (10), who treated the problem as a spin lattice relaxation . To the extent that
the spin distribution after the event can be considered in equilibrium with its
surroundings, the latter approach is equivalent to the former „ If t is is the mean
time between electron jumps and 5V is the half width at half height, then from the
Bloch equations , l/t = 2rt5V. For a bimolecular exchange between A molecules and
A- radical anions [A-] [A] . r . 1r . n _ . . . .. ..
— =
—
-
- kLA-JLAJo Combining these two equations and converting
A JL- 2* ^^AH - kTAl
from frequency to field (v=g6H/h) we find tA _ h 2 ""E
""
^ L/1J °
AHp, is the width at points of extreme slope when exchanging and the f3/2 accounts for
the difference in half breadth at half maximum and the width at extreme slope for
a Lorentzian curve. Relating the rate constant to intensities of the lines with and
without exchange
.
hk[A]
_ince j42 _ AHp
2
+
^tgBAHo lo " (AH + AHE)
*
Therefore k can be found from the slope of a, E vs. —rj— plot,
7 T AHo
III. STUDIES OF STRUCTURE AND EQUILIBRIA
Aromatic Hydrocarbons . -- The reaction of alkali metals with conjugated hydro-
carbons has been one of the most popular and productive methods of producing radical
anions in solution. This process is essentially an electron transfer from the metal
atom to the lowest empty jt-orbital of the hydrocarbon. If the two ions stay in
close proximity a sort of charge transfer complex is formed, an ion pair. In
sufficiently polar solvents these ions dissociate to form free radical anions and
alkali metal cations.
Hoijtink found from polarographic studies that the radical anion was preferentially
formed in most systems (11) . It could, however, be further reduced to the dianion at
higher potentials. This coincided with earlier findings that one mole of metal would
"dissolve" in dimethoxyethane solutions containing one mole of naphthalene, anthracene
or other aromatic hydrocarbons (12), and with potentiometric titrations -with sodium
biphenyl (13) » Calculations indicate that the radical anion is favored over the
dianion plus hydrocarbon (13, Ik) o There are some very large solvent effects on the
equilibria observed in these aromatic systems and in fact, the sodium derivatives
were unknown until Scott found that dimethoxyethane allowed easy formation of the
sodium adducts. In diethyl ether no significant reaction took place (15) . Another
pertinent example is the case of tetraphenylethylene „ The radical anion was never
observed in the reduction of this compound (The dianion formed preferentially,)
until dimethoxyethane was used (l6, 17). Garst and Cole estimated that the change in
solvent from diethyl ether to dimethoxyethane increased the equilibrium constant for
the reaction below by a factor of 105 .
\ / \J _JL^ \e/
C=C + CSC ^ 2 C=C
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The effects of changing the solvent or cation on the structure and solvation of
aromatic radical anions have been studied by Hoijtink (18) . He concludes that the
radical anions generally exist as solvent separated ion pairs. His results indicate
l) that the free enthalpy of solvation increases with solvent polarity and decreases
with cationic radius, 2) that solvation increases as temperature decreases, 3) that
ionic association increases with increasing cationic radius, decreasing solvent
dielectric constant and increasing temperature. In contrast Weissman compared the
visible spectra of condensed ring aromatic anions prepared from potassium (19) with
those prepared from sodium (20) and found little difference. The ultraviolet spectra
of the anions are in general quite similar to the parent hydrocarbon, indicating that
the single electron does not perturb the energy levels very much.
Weissman discovered that the reaction products of naphthalene with sodium,
potassium or rubidium in dimethoxyethane or with potassium or rubidium in tetrahydro-
furan gave identical e.s.r, spectra (21).
+ Na°
-v + Na
4
The twenty-five line spectrum is that predicted for two sets of four equivalent
protons; the hyperfine splitting constants are 4.95 gauss for a-protons and I.865 gauss
for p-protons. The spectra of mono a- and P-deuterated compounds were also measured
and all correlated well with the calculated spin densities (22)
.
On the spectrum of sodium naphthelenide in tetrahydrofuran each resonance line was
split into four lines of equal intensity, the new splitting constant was 1.05 gauss.
At -70° the spectrum was identical to that produced using other metals (no sodium
splitting) . At intermediate temperatures the spectrum was a superposition of the two
with the unsplit, "normal" contribution increasing as the temperature dropped.
A simple explanation for this phenomenon is that at room temperature the mixture
exists as an ion pair of the sodium cation and naphthalene anion and as the temperature
changes, the equilibrium constant changes. Since sodium has a spin of 3/2 it would
be expected to split the peaks into quadruplets. There were definitely two radical
species present and one of them must have been an ion pair. All phenomena were
reversible and depended only on concentration and temperature
.
The possibility of more than one type of sodium-naphthalene complex could not
be investigated due to the limited concentration range. However, a limit of 10~6 se
for the lifetime of the two species could be set, since distinct spectra were present.
The lifetime of each species is probably longer than this since much of the line
breadth is due to other factors.
Some interpretation of the structure of this ion pair can be made. Ion pair
nomenclature seems to be correct since the optical absorption spectrum is indistin-
guishable from the free radical anion and the net spin density on the sodium in the
complex is only a few tenths of one percent of that for a sodium atom. Weissman could
not determine the position of the sodium ion with respect to the anion, but hypothe-
sized that it might be in the plane passing through the 9>10-P°si'tions where the
antibonding orbital is nodal, since the sodium coupling constant went to zero at low
temperatures. The ring proton coupling constants did not vary with temperature. The
variation in sodium coupling constant with temperature is ascribed to close lying
vibrational levels.
Assuming a simple equilibrium between ions and ion pairs AH = -7° 5 —t~
AS = -51<.6 e.u. This high value for AS is rationalized through solvent
orientation around the ions and a loss of vibrational degrees of freedom, since the
ion pair could have a large number of close lying vibrational levels. These data
were obtained between room temperature and -70° by comparing the intensities of split
and unsplit peaks.
{En tetrahydropyran, dioxane and 2-methyltetrahydrofuran evidence for ion pairs
was obtained from the e.s.r. spectra. The sodium splittings varied with solvent, the
proton splittings were constant as either solvent or temperature was changed.
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Weissman has studied the electron transfer reaction from the sodium naphthalenide
complex to naphthalene in tetrahydrofuran, tetrahydropyran and 2-methyltetrahydrofuran
(9, 23) „ Since the spectrum is easily resolved into lines resulting from the ion pair
and from the free ions, the rate of electron exchange between each species and naph-
thalene could be determined by the difference in the line widths, with and without
added naphthalene. The rates were found to be first order with respect to changes in
the naphthalene concentration, and were therefore second order overall,, The rate con-
stants are summarized in Table I.
TABLE I (9, 23)
Solvent
Rates of Electron Transfer
Species Cation
Tetrahydropyran
2-Methyltetra-
hydrofuran
Tetrahydrofuran
Tetrahydrofuran
Dimethoxyethane
Ion pair
Ion
Ion pair
Ion
Ion pair
Ion
Ion
Ion
Ion
Ion
Na
Na
Na
Na
Na
Na
Na
K
Li
K
Na
from Naphthelenide Ion to Naphthalene
Ea(Kcal./mole) T(°C.) k x 10"
6 l./mole sec,
17.6 t .9 21 4.4 + 0.1
I8.5 + 2.2 -23 9.7 + 4.5
12.4 + 3
12.8 ± 3
4.6 +
-6.8 +
13.2
.7
6
,6
5.
4.
7*
10'
+ 1«
+ lx
+ 3 x 108
t 3 X 107
/~io9
21
-23
50
-16
13
30
30
30
4.5 + 0.1
2.8 + 0.7
34.0 t 8
71.0 t 15
38.O t 14
57 + 10
± 300
± 30
~io3
460
76
The mechanism of electron transfer for ion pairs (by analogy to inorganic studies)
is expected to be an atom transfer through some sort of bridged mechanism (1) . Since
the equilibration of ion pairs and free ions is slow compared to the electron transfer
to naphthalene, the ion pair transfer does not involve the free anion and vice versa.
However, the complete non-involvement of sodium ions in the ion case has not been
demonstrated
.
The ion pair reaction has two possible mechanisms (Figure 3)
°
+ Na
+ Na,
Figure 3
The first is a termolecular reaction. When the equilibrium constant is considered it
will give an unrealistically large rate constant and is ruled out. It is clear that
solvent effects are very important in the reactions of both ions and ion pairs.
The behavior of the rate as a function of temperature in tetrahydrofuran was very
strange. Above 300° K the ion pair rate constant is smaller than that for the dis-
sociated ions and decreases with decreasing temperature. Below that temperature the
rate begins to increase as the temperature is lowered and eventually becomes more
rapid than the ionic process. There is obviously a change in mechanism or reaction.
Weissman and Zandstra tried several experiments to determine if this was a solution or
aggregation effect on the line width, but they produced negative results. The authors
postulate that there are several close lying vibrational levels whose populations
naturally vary with temperature. If there were two mechanisms, one starting from a
higher level and one from a lower, and the mechanism from the lower level had the lower
activation energy, this would explain it. Since the sodium coupling constants are so
temperature dependent this is perhaps reasonable, that the populations vary widely,
but a shift of a rapid equilibrium cannot cause this behavior.
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Some earlier data collected by Ward and Weissman (9) can be compared to check
the variation of rate of electron transfer with metal ion (Table I) . Although these
data were collected between 30° and 35°> "little temperature dependence was noted."
The rates for sodium and potassium are very close, but the lithium rate in tetrahydro-
furan is higher by a factor of ten. If this effect is really due to the change in
cation, it could indicate that the lack of splitting by the metal ion is not a good
criterion for determining the absence of ion pairs,
Weissman and co-workers have also studied equilibria involving the naphthalenide
ion and other aromatic hydrocarbons in tetrahydrofuran (2k) . By using the ultra-
violet and visible spectra of the anions involved, they calculated the equilibrium
constants for the pairs: naphthalene and anthracenide, naphthalene and phenanthrenide
and naphthacene and anthracenide. It was assumed that equilibrium was rapidly es-
tablished and there were no side reactions. The relative electron affinities of
benzene^phenanthrene<^naphthalene<^anthracene~*iaphthacene agrees with the half wave
potentials in aqueous dioxane (25) =
Anionic polymerizations involve radical anions when the polymerization is initiated
by electron transfer (26). In conjunction with studies of this type of polymerization,
Szwarc an^ co-workers have studied the equilibrium and kinetics of the anthracene (A)
,
1,1-diphenylethylene (D) system (27). The visible spectrum allowed determination of
the concentrations of the dianionic dimer ( -DD-) and the anthracene radical anion
(A-) , It was observed previously that the diphenylethylene radical anion dimerized
readily and, therefore, the overall reaction was:
-DD- + 2A =£± 2A~ + 2D K ,, = .11 mole/l.^ overall '
A solution of -DD- gave an e.s.r. signal, assigned to D-. From the intensity of the
signal the equilibrium constant for the dissociation of -DD-, was calculated (Kx
values are tabulated in Table II) . Szwarc studied the rates of both forward and reverse
reactions with stop-flow spectrophotometric techniques and explained the results with
the reactions shown,
k_4 Ki = ^ ; K2 = r2 >
-DD- + A t; A + -DD
kl
M
k-i -BD- ^=^ D + D" Ktr " kl3
? ^ " 1C4
2D- D + A « A + Dk3
When anthracene radical anions and diphenylethylene were mixed, the rate of appearance
of -DD-, and the disappearance of A- showed complex behavior that was interpreted as
a fast equilibrium (Kfcr) followed by a slower reaction of D- with D to yield -DD° (k2) .
This product reacts rapidly with A-(k4) to give the product -DD-. The rate of dis-
appearance of A- was initially fast, but soon slowed to a constant. The rate constant
k2 was evaluated from the latter, linear portion of the curve (k2 = „13 l./mole sec.)
and the equilibrium concentration of D- by extrapolation of this line to zero time.
With this knowledge of the steady state D- concentration, Ktr could be evaluated and
compared to that value found from the e.s.r. study (Ktr = 8 x 10 4 ) . K^r and Kov.erau_
can be used to calculate Ki
.
A study of the reverse reaction confirmed the proposed mechanism. The rate
constant for electron transfer k_3 = 2 x 10
3 l/mole sec. was also determined.
In earlier work Szwarc found that C14 labelled D (D14 ) exchanged with -DD- (28).
The rate of exchange is the rate of decomposition of the dimer to form the radical
anion (kx = 8 x 10"*7 sec. x at 30°) . From this and the value of k2 another check on
Kj. could be made. The four independently determined values for K3. are summarized in
Table II. Electron transfer from dimeric dianions to form the dimeric radical anion
has also been noted in aza-aromatic compounds (29)
»
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TABLE II
Equilibrium Constants for the Dissociation of 1,1-Diphenylethylene Dimeric Dianions
Ki x 107 mole/l. Method
1-100 e.s.r.
.7 from k3 and Koverall
.9 from k2 and D^ exchange rate
.92 from the initial concentration of A-
in A + -DD- -> products o
Ketyls . — Ketyls can be produced by the reaction of ketones with alkali metals.
For example benzophenone ketyl is formed when sodium met*3 ! is added to benzophenone in
aprotic solvents. A very important class of ketyls contains the semiquinones . They
were found to be stable in alkaline solution when formed from reaction of the hydro-
quinone with mild oxidizing agents (30). n 0Q
Since some ketyls couple to give the n
|
pinacol on addition of water or acid, j#-C-p' + Na» -» jtf-C-jfl + Na$
they were originally formulated as
the pinacol salt (31) . However,
magnetic susceptibility (32) and
e.s.r. work (33) has established
that significant amounts of the
ketyl are present. In many cases OH
the radical anion is thermodynamically favored. There is usually a complex equilibrium
between the ketyl, its ion pair, and the pinacol and its salt (jk) . For instance,
fluorenone with alkali metals shows two distinct e.s.r. spectra, one due to a mono-
radical, the other to a diradical (35) . The concentration dependence of the optical
absorption spectrum indicated that an equilibrium of this kind might be important.
The shifts in the visible spectrum of ketyls with changes in solvent (36, 37) , and
metal cation (38) have been examined. Warhurst found that the spectra of the three
ketyls studied in dioxane showed a red shift as the size of the cation was increased.
He postulated that the interaction was due to the field of the cation perturbing the
molecular energy levels and that the interaction should be inversely proportional to
the ionic radius of the cation plus some constant distance. After determining this
distance (x) empirically he found linear plots of varying slope for 1
0;
Base
for three different metals. Benzophenone ketyl showed large — ° r ca+ + x
spectral solvent effects. These shifts did not correlate with
Kosower's Z values for solvent ionizing power and were, therefore, ascribed to changes
in the detailed structure of the ionic aggregates.
The kinetics of the electron transfer between benzophenone ketyl and benzophenone
were studied by Weissman (33) • The e.s.r. spectrum of benzophenone ketyl consists of
some eighty lines spanning twenty oersteds. Analysis of the spectrum revealed splitting
by the sodium cation. The sodium coupling constant was 1,2 oersteds. In the presence
of benzophenone the lines broadened and in the presence of excess benzophenone the
spectrum collapsed to four lines. The spin of sodium is 3/2 and these four lines cor-
respond to coupling with the sodium nuclear spin. The sodium coupling constant is
again 1.2 oersteds. The exchange is rapid for the anion part of the ion-pair since
proton couplings are washed out, and slow for the sodium coupling since sharp splitting
is noted. For proton splittings the line breadth b^A0C^te and the mean lifetime
tg<p_0~9 sec. The mean lifetime on sodium is less than 10~6 seconds. Therefore, there
are 10 changes of proton environment before there is a change in sodium environment.
This reaction can definitely be classified as an atom transfer.
There is a preferred cis -conformation in the radical anion of benzil (39) . Bauld
trapped the dianion formed by reaction with sodium, by adding benzoyl chloride. The
product showed that in most solvents the thermodynamically less stable cis -dibenzoyl
compound was formed in good yield. This result also means that the radical anion
exists mainly in the cis form, since the stereochemistry is unchanged in the second
reduction. The trans content varies with solvent, increasing as the polarity increases
and the ion pair becomes looser. These solutions are all heterogeneous. To check on
the possibility that transition from homogeneous to heterogeneous reaction did not con-
trol the cis -trans ratio, nickel carbonyl, which is soluble in all solvents, was used
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as a metal. A more exaggerated solvent effect in the same direction was noted. The
same sort of preferred cis orientation was found for butadiene radical anion (k-0) .
Other Systems . -- There have been a few rate studies of electron transfer for
anions other than ketyls and hydrocarbons. These will be summarized in the following
section. Electron transfer between a radical anion and its parent molecule has been
observed for the benzonitrile system (kl) . The anion was prepared by electrolytic
reduction and the rate determined by e.s.r. line broadening. The electrode reaction
causes serious difficulties in determining the rate since it results in consumption of
one of the members of the pair and inhomogeneity of the solution. An estimated rate
constant from the plot of
sec.
01 n
~
1/2 vs. [fbCN] gave a rate constant of 2 x 108 l./mole
JjbCN.
AH o
Weissman has prepared the tetracyanoethylene radical anion (^2) . Molecular orbital
theory predicts that the lowest unfilled orbital is slightly bonding. The molecules
chemistry as a strong it acid demonstrates its electron affinity. Weissman found that the
radical anion exchanged with the parent cyano compound, with k = k.7 x 107 l./mole sec.
at room temperature, in tetrahydrofuran, and that the sodium and potassium salts gave
the same rate constant.
Weissman and co-workers have also studied the rates of intramolecular electron
exchange (hj) . E.s.r. studies of paracyclophane radical anions ^vWCH2) n ~X©
showed that electron exchange between the rings was faster than t^L/ru ^ K'l)
107 sec.
_1
_for the [1:8] and [2:2] radical anions and slower than 3 v^2>\ CHa) m J^yS
x 10s sec, 1 for the [kik] and [6i6]°9 [~5'.k] was intermediate. The amount of radical
anion present increased with decreasing temperature. Some similar studies have
established that charge transfer can readily occur in l,n- diphenyl alkane anions (hk) .
The spectrum of the diphenyl ether radical anion was independent of the mode of
formation when diphenyl ether was treated with sodium or potassium metal. The spin
migrates rapidly between the rings. The dianion is diamagnetic and therefore the
coupling of the spins in the dianion is large compared to kT as well as to the hyper-
fine splitting. This was in contrast to some earlier work that showed the oxygen to
be an insulator to spin exchange in biradicals(^5) •
Russel and co-workers in their studies of base catalyzed oxidations have found
evidence for the spontaneous formation of radical anion intermediates (k6, h"J) . In
connection with these studies they investigated the formation of radical anions by use
of a 1:1 mixture of an unsaturated compound and its dihydro derivative in the presence
of potassium t-butoxide in dimethyl sulfoxide solution (k-Q) . The formation of radical
anions must depend not only on the ease of electron transfer, but on the ability of the
base and solvent to ionize the dihydro derivatives.
Electron transfer was observed in these systems: acridan-acridine, 1,2-dihydro-
2,3-diphenylquinoxaline-2,3-diphenylquinoxaline,9,9'-bifluorene-A-9,9'-bifluorene,9,10-
dihydroanthracene -anthracene, hydrazobenzene-azobenzene, furoin-furil, fluoren-9-ol-
fluoren-9-one, xanthen-9-ol-xanthen-9-one, benzhydrol-benzophenone, 1,1,4 ,4-tetra
-
phenyl-2-butene-l,l,4,4-tetraphenyl-2,3-butadiene and acridan-azobenzene
.
The e.s.r. spectra of the dinitrobenzenes are dependent on the method of formation
(^9, 50, 51) « When produced electrolytically o, m and p_ dinitrobenzene have equivalent
nitro groups, as does the o when produced by alkali metal reduction. The spectra of the
m, p_ anions in solution with the metal cation, however, indicated non-equivalent nitro
groups. Ward suggests that there may be near orbital degeneracy in the anion and
that co-ordination of the alkali -metal cation to one of the nitro -groups causes an
inversion of the orbitals with a consequent large change in unpaired -electron distri-
bution.
In summary it can be said that in the solvents that have been used, radical anions
often exist as ion pairs. The problem of aggregation has not been evaluated. Involvement
of the metal ion in electron transfer has been demonstrated in several cases, however
in at least one case (tetracyanoethylene) the cation does not appear to be involved.
There has really not been enough work directed toward the mechanism of electron trans-
fer to draw any general conclusions at this time.
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RECENT CYCLC-OCTATETRAENE CHEMISTRY
Reported by J. Sabacky May 6, 19&3
The chemistry of cyclotfctatetraene (COT) has been reviewed most recently by Raphael (l).
It is the purpose of this seminar to present recent advances in the field of COT chemistry,
and, hopefully, to answer a few of the questions which were unanswered at the time of the
above review. This seminar will consider the cycloflctatetraenyl dianion and anion radical
but will not concern itself with transition metal complexes of COT. For a recent review
on olefin and acetylene complexes of transition metals, see that of Bennett (2).
Preparation of Cycloflctatetraenes. --It is well known that COT can be prepared by tetra-
merization of acetylene in the presence of various nickel complexes (1,3). Nickel complexes
in an octahedral or nearly octahedral configuration, such as nickel acetylacetonate (weak
ligand field-paramagnetic) , catalyze COT formation, whereas those nickel complexes which
are square planar, such as nickel dimethylglyoxime (strong ligand field-diamagnetic) , are
inactive ( 3) . In 5C$ dioxane, the logarithms of the stability constants T&i (MLn---. +L uh~ MLn )
for the above complexes (n=2) are log k2 = 5.1(30°) for nickel acetylacetonate cu./., log k2=
10o 5^- (25°) for the dimethylglyoxime complex (k) , This suggests that those complexes which
undergo some ligand exchange are active, and the effective ligand strength would be i 3ely
proportional to catalytic activity if ligand-metal bond breaking were the rate -detei mining
step. Schrauzer nasi studied the effect of alkyl substitution in the Ni Cxx) -bis-[N-alkyl-
salicyialdimine J complexes on the magnetic moment of the complex, the yield of COT and the
relative rate of ligand exchange (3)« He found that the complexes possessing the larger
magnetic moments had a higher rate of ligand exchange, the rate of exchange being propor-
tional to the amount of COT formed. Ligand exchange with a-cetylene in the octahedral com-
plexes could lead to replacement of two salicylaldimines by four acetylene molecules, these
then being in a favorable orientation for COT formation, assuming that acetylene is not a
strong enough ligand to distort the complex to the square planar form. Triphenylphosphine
in stoichiometric amount inhibits the reaction by blocking a coordination position; here
benzene is the product. Dioxane and benzene were found to be the best solvents in that they
accelerated ligand exchange by solvation of the ion but were readily displaced by an acety-
lene molecule. Pyridine inhibits the reaction by strongly solvating the nickel ion.
Zeiss has studied the addition of 2-butyne to triphenylchromium in tetrahydrofuran
solution (5). Phenyl participation occurs within the complex to give hexamethylbenzene
,
1,2,3^-tetramethylnaphthalene, and dibenzenechromium,, no cyclofletatetraenes being isolated.
Substituted acetylenes can be tetramerized over nickel catalysts to yield substituted
cycloo'ctatetraenes (6). Ethyl propiolate tetramerizes to a mixture of I (28/0) and II (l$)
,
and methyl propiolate yields III (83$) ; other products isolated are the appropriate 1,2,^4—
and l,3>5-tricarboalkoxybenzenes. This particular reaction, however, is very limited in
ROOC
RO-C-CEECH M(PC1 3)4,< **,
CsHs
COOR
+
'\
COOR
ROOC
ROOC
/
COOR
I R=C2H5
III R=CH3
COOR
COOR
II RSC2H 5
scope. Many other substituted acetylenes could not be tetramerized with ;Ii(PX3 ),
(X=Br,Cl,F) and neither methyl nor ethyl propiolate could be tetramerized with other nickel
catalysts.
Thermal tetramerization of some acetylenes can also be accomplished; an example of
F3C ^CF3
CF3C= CCF3
32 C
1 hr.
F.^C
FoC
IV (2$)
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is is the formation of octakis-(perfluoromethyl) -cyclofletatetraene (IV)(7)«
Substituted cycloflctatetraenes also can be prepared by the photoaddition of acety-
lenes to benzene (8,9,10) . An example is the formation of V in 33/<> yield.
CH3OC-C = C-C0CH3 +
hv, %
20 hrs. . 50-
V
11
\r- COCH3
COCH^
II
T. 33^
Structure and Conformation. --Cyclodctatetracne is now known to exist in the tub con-
figuration as a result of modern electron diffraction experiments (ll) . The bond lengths
and angles are summarized in the diagram above, Cycioflctatetraene does rot pose-ess aro-
matic properties, the double bonds being isolated from each other (l). The resonance
energy for COT based on heats of hydrogenation has been calculated to be approximately
2.k kcal./moie ( l) .
Huckei molecular orbital theory cannot be applied to COT unless corrections are made
for the angle of twist between the £ orbitais on adjacent carbons. Abler s and Hornig
have carried out such calculations for the tub configuration, the crown (VI), and the
_
chair ( VII) configurations of COT ( 12) . The resonance integral for neighboring £ orb
twisted through an angle is (3^3° cos 0. The variation of with bond length was taken
a
VII < 1
into account by an approximation due to Mulliken, pp=k(p)p1 ,39, where k(p) is a number
which depends upon the value of p (13; 1*0 The total resonance integral can then be
written as Pp= k(p)32.39 cos p where p is the obond length and Pi, 39 is the resonance
integral for an untwisted bond of length 1.39A. The calculations show that the crown
configuration with all bonds equal Is 6*3 £.39 less stable than the tub configuration.
Assuming bond lengths and angles more appropriate for a flattened structure, one still
predicts the tub to be more stable „ Assuming parameters favorable for stabilization of
the chair configuration (allowing some overlap of the £ orbitais forming bond c) predicts
the same order of stability as the crown form.
Anet has recently determined the rate of bond change in COT (Fig. l)(l5)« The 3
of intereonversion was measured by examining one of the C 1 -' satellites of the main line.
At low temperatures (-55°C); the satellite is a doublet which coalesces to a single broad
at -=10°C. rate constani for intereonversion ( -10°C) was determined to be 26 sec=1
and Af =13.7 kcal./mole. Tine intereonversion probably involve? a strained planar tran-
Lon state and if one assumes AS =0, then .Air =13.7 kealc/mole represents the maximum
energy difference between the tub and planar configurations.
low and Perlmutter have reported the first resolution of a substituted cycloo'cta-
tetraene (l6).- The substituted dibenzocycloo'etatetraene (VIIl) was resolved by means of
brucine salts. Solutions of the enantiomers did not lose any optical aci Lvity on
COOK
COOH
COOH VIII
standing for eight weeks at room temperature. In diethylene glycol diethyl ether , race-
mization took place at 120°, 130°, and 140° with half lives of r*\kO, 62, and 25 minutes,
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respectively. The estimated activation energy for the conversion of the tub to the planar
form was Ea*27 kcal./mole. Non-bonded interactions of the carboxyl groups and benzene
hydrogens probably cause a destabilization of the transition state which leads to a high
value of Ea .
Compound V is of interest in that it and the corresponding acid ( IX) might exist in two
isomeric forms ( IXa and IXb) . Isomer IXb would be expected to yield an anhydride. Treat-
ment of IX with acetic anhydride gave a substance which was an anhydride (infrared) but
seemed to contain acetate groups (10). Prolonged treatment with acetic anhydride led to
decomposition, Hydrogenation of IX over 10$ palladium on charcoal in methanol gave X and XI
8. 35
C02H C02H
IXb
COOH
COOH
COOH
XIa ^-OH Xlb
in a ratio of 2:1. Two conformations are possible for XI (XIa and Xlb). Ultraviolet data
support conformation XIa for the diacid showing no interaction between the double bonds
(X =210 ma, log e = 2*.i)
v max
8.35 T
V 35 *C^3.7 T
/
XII
c-
II
The ultraviolet spectrum of the anhydride obtained from XI
(XII) suggests that it exists in conformation Xlb
(X > 206, 255, 305 muj log 6*4.15, 3.1*5, 3-6o). The
aullors state that the formation of a 2:1 mixture of X
and XI on hydrogenation of IX demonstrates that IX
exists in the two forms IXa and IXb; this, however, is
not necessarily the case.
The Cycloflctatetraene Dianion and Anion Radical.-
-
Addition of two electrons to COT would give a system
which has {hn + 2) it electrons, thus this system should possess a high degree of resonance
stabilization. Cyclodctatetraene has an appreciable affinity for electrons as evidenced by
its reaction with alkali metals in the presence of proton donors to yield cycloflctatrienes
(l). Wittig found that cycloflctatetraene reacts with two moles of trityl sodium to yield
a di sodium derivative and hexaphenylethane (17)° Katz has isolated dipotassium eycloScta-
cnide, which in the crystalline form explodes on contact with air, but is stable in
at ion (l8). The formation of the dianion using potassium metal was followed by n.m.r,
(19). The sharp line of COT begins to diminish in intensity without broadening. When
the peak has decreased to <1C$ of its initial intensity, a broad band becomes superimposed
on the COT peak, the latter peak still remaining very sharp. As more potassium is added,
the COT peak disappears and the broad line narrows to a very sharp line, the position of
resonance being the same as that of COT. This single sharp peak is observed when exactly
two moles of potassium have been added. Addition of electrons to COT would be expected to
increase the shielding of the protons and thus cause a shift of the resonance position to
higher fields. The observed results suggest an additional effect operating in the opposite
direction; namely, ring flattening and a resultant shift to lower fields due to diamag-
netic ring currents, just as in benzene. That the position of resonance for COT and its
dianion exactly coincide is a coincidence. The decrease in intensity of the COT peak
as potassium is added is due to formation of the anion radical. The broad peak superim-
posed on the COT peak is due to the dianion, which is undergoing rapid electron exchange
with the anion radical. The fact that the COT peak remains sharp shows that electron
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exchange between the dianion and COT is very slow and the additional fact that the COT
peak decreases in intensity without broadening indicates very slow electron exchange
between COT and the anion radical. These observations can be most readily explained
if the anion radical and dianion are both planar and the lack of electron exchange with
COT is then due to a geometrical barrier-
The fact that the peaks of the solvent (THF) remain sharp indicates that the anion
radical is always present in very low concentrations. This is due to a rapid dispro-
portionation of the anion radical, forming preponderant amounts of dianion and COT. The
direction of this equilibrium indicates that the electron affinity of the anion radical
exceeds that of COT or that the energy required to flatten the molecule on adding one
+
electron is greater than the coulombic energy the second electron must overcome.
The e.s.r. spectrum of the anion radical has been observed when only trace amounts
of potassium are present (20). The spectrum consists of nine equally spaced lines in the
intensity ratio expected of eight equivalent protons. The hyperfine splitting is 5.21 gauss
and the g value is 2.0025, Addition of more potassium causes broadening to a single
indicating electron exchange with the dianion. Thus the experimental evidence indicates
both the dianion and anion radical are planar.
Using the above evidence for planarity of the anion, Coulson has carried out calcu-
lations to determine whether the bonds in the dianion, assuming a planar model, are all
of equal length (21). The energy levels for COT assuming a planar model with all bonds
E
a-2p
a- sUTp
a -:- 42p
a + 2p
- r<
K
__a-(p1 -p2 )
a-KPi^Bp)
— oh- vfTpf
'C+W)
GH-Oi + Ps)
p1= p£ rx = 2 Fig. 2 |pij>|p2 | rx<r2
equivalent and a planar model with alternating bonds are given in Fig. 2. When rx -f r2 ,
the degeneracy of the nonbonding m.o. is removed. For the dianion it can be shown that
the it electron energy favors alternating bonds but the effect of the 0" bonds is to favor
equal bond lengths. The cr effect is much greater than the it effect so that the energy of
the system is a minimum when r x= r2 .
Electrolytic reduction of COT has shown that two electrons are involved in the
reduction and has given further indication that the energy requirement for addition of one
electron to COT is much greater than that for the second (22).
Schroder has shown that the hydrogens of COT do not undergo exchange in alkoxide-
deuterio alcohol solutions, but exchange is found to be catalyzed by 1,3,5-cycloflctatriene
(23) . The cycloo'ctatriene is believed to undergo an equilibrium deuteration reaction.
The base present pulls off two protons leaving the deuterated cycloo'ctatetraene dianion
which is in equilibrium with the anion radical and COT. This gives rise to deuterated COT.
The dianion can also react with ROD or ROH to regenerate the catalyst.
The Pariser-Parr molecular orbital method has also been applied to COT (24.). For
HOT, this theory predicts the planar form with alternating bonds to be more stable than
the tub by 4.6 kcal./mole. The dianion is predicted to be in the regular octagon con-
figuration but the radical anion is predicted to have alternating bond lengths. It should
be mentioned that this method also predicts the alternating bond structure of benzene to
be more stable than the symmetrical form. The theory is considered to be sound, the dis-
crepancy arising from inaccurate numerical quantities (24).
Tteaetions_of Cycloflctatetraene and its Derivatives, --It had been known that acidic
permanganate oxidation of COT yields tropylium salts in addition to benzaldehyde and
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benzoic acid (l). Ganellin and Pettit have postulated the mechanism shown below (25).
Treatment of cycloo'ctatetraene oxide (XIIl) with acid affords another way of entering
H
OHKMnO.
TI
*
-*r-
iH
H
+
XIII
COpH
XIV benzaldehyde
benzoic acid
into this reaction scheme. It has been shown that acidic, permanganate oxidation of both
COT and its oxide gives rise to about 7# tropylium salts (25). The oxidation of cyclohep-
tatriene-7-carboxylic acid to tropylium salts has been reviewed in a previous seminar (2e>).
Cycloflctatetraene oxide when treated with acid alone yields phenylacetaldehyde (XiV).
The above mechanism suggests that cycloheptatrienecarboxaldehyde might be an intermediate
in this reaction. Ganellin and Pettit were able to isolate the dinitrophenylhydrazone of
cycloheptatrienecarboxaldehyde by reaction of XIII at -5° in acidic hydrazine solution, but
at 70° they obtained the dinitrophenylhydrazone of XIV. This provides evidence for seven-
membered ring formation (at low temperature.) in this reaction sequence. Ring contraction
reactions of cycloheptatrienes have been reviewed recently (26).
Mechanisms have also been postulated by Ganellin and Pettit for the reactions of
cyclotfctatetraene dichloride (XV) under various conditions (25). Other mechanisms, how-
ever, are not ruled out. Compound XVII synthesized in another way has been shown to add
methanol under the reaction conditions.
XIV
-OAc
CH=C
\H
( no base
XVII
Dipole moment studies of cycloo'ctatetraene dihalides indicated that the halogen atoms
were cis to each other (27). However, Blomquist and Cook have shown that the configuration
of the~halogens is trans by the sequence of reactions illustrated (28). The first series
of reactions was carried out under conditions such that the configuration of the halogens
was not altered.

II
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_
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liai h4v
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eatment of COT with Hg(0Ac) 2 and Pb(0Ac) 4 gives rise to the same products obtained
from cycloo'ctatetraene dichloride under analogous conditions (1,25). Thus, treatment of
with Hg(0Ac) 2 in H2 gives XIV, with Hg(0Ac) 2 or Pb(0Ac) 4 in glacial acetic acid gives
while both anol yield XVIII, which is also the product obtained upon treatment
of the dichloride with methanol and methoxide ion. Mo
. work has been done on the mechanisms of these reaction;;
CH(OGH3 ) 2 except £0 postulate initial electrophilic attack of
III Pb(0Ac)3 or Hg(OAc) f .
The structure of cycloo'ctatetraene oxide (XIIl) has been determined by Cope (29).
Three possible structures had earlier been proposed (l). Formula XX was eliminated by
XIII XIX XX
showing that the maleic anhydride adduct of the oxide possesses a bicyclo [4.2.0] octane
(or octene) ring. Formula XIII was shown to be correct by n.m.r. (two main resonance
bands as compared to three for XIX)
.
Pyrolysis of XIII leads to formation of three isomers, which have been identified as
three isomeric cycloheptatrienecarboxaldehydes ( 30) . The 7-isomer was produced in too
small quantities to be isolated but its presence was inferred from characteristic bands in
the infra 1 pectrum. The small amount of 7-isomer formed is evidence for its postulated
rapid transformation to the 3-isomer (XXl). , which is formed in k^o yield. The 1-isomer
(XXII) (5$) results on 1 can ;ement of XXI and can be obtained In even greater yield (7
260
r-
+ H
Y
i-d i v
XXII
o300u . ransition state for conversion "of the 7-isomer to the 3-
iso is energy (electrons in C-H bond which is breaking are stabilized by
aid 1 hat for conversion of the 3- to the 1-isomer as required by the
postulated mechanism.
The bromination of dibenzocyclodctatetraene (XXIIl) has recently been studied (31,32,
33)o The following sequence of reactions has been reported in the literature (31). The
Br OAc
KOAc
HOAc
-r-
'|koh oa
XXIII
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only methods of analysis used by these authors were elemental analysis and infrared. Cava
and co-workers (32) and the original authors (33) have reinvestigated these reactions and
have revised the structures of the products as shown. Models of XXVTII indicate that it is
XXIII -*
CHO AcO XXV
3rOf> T
,
© CH
Br
ROH
H-C-OH 6.35 t r tt
XCP XXVI XXVTI
in the twisted boat conformation and the n.m.r. spectrum shows two identical pairs of
adjacent tertiary hydrogens, one pair on each side of the ring, thus indicating a point
or plane of symmetry in XXVIII. Solvolysis of XXIV in alcoholic basic solutions gives the
corresponding acetal of XXV. On reinvestigation the authors found the elemental analysis
of the hydrocarbon obtained upon hydrolysis of the diacetate to correspond more closely to
C15H12 than to C1SH14 .
In the literature, the maleic anhydride adduct of COT has been written as XXIX (l).
Br
>
CO\
CO-0
COpH
XXIX XXX XXXI
COpII
XXXII
However, Cope has shownThe bromolactone obtained from this adduct was formulated as XXX.
that the double bond in the four -membered ring is much more reactive than the double bond
in the six-membered ring ( 3^0 Thai it would seem that the cyclobutene double bond should
be involved in lactone formation. Evidence has been cited by two groups of workers that
the configuration of the adduct and its bromolactone are XXXI and XXXII respectively (35,36)
The formation of the bromolactone involves a transannular ring closure analagous to that
observed by Cope in the solvolysis of cycloo'ctenyl derivatives (37). The structural assign-
ment for XXXII rests entirely upon elemental analysis and the absence of a double bond
frequency in the infrared spectrum, the double bond frequencies being readily observable in
compounds containing either one of the double bonds.
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cis -trans GEOMETRIC PHOTOCHEMICAL ISOMERIZATION
Reported by Prince Rivers May 9^ 19&3
Introduction o -- This abstract will discuss the present state of photoinduced cis -
trans geometric isomerization about double bonds. Due to the greater amount of informa-
tion available on stilbene, azobenzene and related structures, and limitation of space,
only the two aforementioned compounds will be considered in the following discussion.
Only those reactions resulting from jt->jr* transitions ( 313 mu.) will be considered. Only
isomerizations resulting from direct radiation will be discussed. Photosensitized
reactions have been previously reviewed (2^)
.
In the last quarter century several mechanisms have been presented in attempts to
explain photoinduced geometric isomerizations about double bonds in organic molecules.
G. N. Lewis, T„ T. Magel and D. Lipkin (1) presented one of the first explanations for
these reactions in 19^0. They proposed that the first step of the reaction consisted
of the molecule going from its ground state to a higher, excited, electronic level, and
then returning to a high vibrational level of the ground state. Lewis described this
as a "no man's land" where the molecule, upon returning from the excited state, converts
the excess energy acquired to vibrational and rotational energy and loses its identity.
By radiationless transitions and energy losses to the environment the molecule returns
to the original ground state or crosses over to the opposite isomer. This is an
extention of an earlier theory of Lewis and Calvin (2) and Lewis and Kasha (3).
Birnbaum and Style (h) , while studying azobenzenes, found that the sum of the
quantum yields of cis->trans and trans-»cis was approximately one (j#t + fie = 1) .
They found these yields to be independent of temperature (15-25°C) , wave length, and
intensity. It was concluded that these results could be best explained by assuming
some intermediate, readily accessible to both the cis and trans isomers. The quantum
yields were assumed to reflect the probability of a molecule going to a cis or trans
ground state from the common intermediate. These workers suggested the possibility of
the intermediate possessing a structure having the phenyl groups twisted by 90 degrees.
Zimmerman, Chow and Paik (5) have envisioned the isomerization as a thermal reaction
in an excited electronic state. They pointed to the fact that the photochemical trans->
cis rate must equal the photochemical plus the thermal cis->trans rate. Zimmerman,
et„ al. , argued that if E represents the excess vibrational energy when the molecule
returns to the ground state, and e the height of the energy barrier to isomerization,
then the probability of isomerization is given by (l-e/E) n where "n" is the number of
"classically excited" modes of vibrations. Assuming e = 23 kcal, and r£>15 (probably 25
to 30) the quantum yield for all wave lengths should be less than 0.01. From quantum
yield data this definitely is not the case and questions Lewis' ground state rearrange-
ment. It was also concluded, based on the sum of fi^ and f)e [0^ + fi = .81 (k-^6 mu) ?
-53 (313 m\±) ] that the system did no go through a common intermediate. The general
reaction path was postulated to be
:
I
c
,
C -6
*
S -
C -
H < k2 qObt
ki k4 h
Note: I denotes the rate of light absorption by each isomer, k's are first
order rate constants, S indicates singlet state, o the ground states, asterisks
excited states and c and t denote cis and trans respectively.
j . number of molecules isomerized
^ " ^
""
number of quanta absorbed
According to Zimmerman k3 and k4 represent the thermal isomerization and ki and k2
represent quenching to the ground state with no appreciable loss of configuration.
Quantum yields can be expressed as:
^
= 1 + ki/ka (1 + Wks) ; jjj = 1 + |j (1 + kaAi)
If k1/^>k3 , then j#c->0 and if k4 and k^^ki and k2 the common state would be present.
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Diagram of possible reaction paths for cis -trans isomerization
Fig- I
S = Singlet state, T = Triplet state, M = common intermediate.
Subscripts "c" and "t" denote cis and trans isomers respectively,
Superscript "o" denotes the ground state.
All asterisks denote excited states.
Wavy lines denote radiationless transitions.
y \i
l X;
2 1 1 2
cis trans
Energy surface diagrams of cis and trans stilbene
Fig. II
According to Levis (l)
,
one could explain the cis->trans isomerization of stilbene
via steps 1,2,3,^- an<3- trans-»cis via l',2',3' and h* in figure I, The energy surface
diagrams in figure II were used to explain fluorescence in trans -stilbene (step 2) and
phosphorescence in the case of the cis -isomer (step 2 f ). The latter was later shown to
be in error and the luminescence observed was found to be due to phenanthrene , formed in
the process of the reaction. Accepting Zimmerman's argument, we may conclude that the
reaction does not occur in an excited vibrational level of the ground state.
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Birribaum and Style's mechanism would follow path 1,6,7' ^or cis—>trans and
l',6',7 for trans—»cis . Several facts should be considered in the work of
Birhbaum and Style „ These authors worked with azobenzene* It is immediately
obvious that two types of electronic transitions are possible in -N = N- com-
pounds; both n->jt*and it-*a* while only the latter is possible in the case of
stilbene. The n—-*jt*is normally excited by light in the region of 400-450 mu
and it
—
*n*excitation by 300-350 mu-. Yamashita, Ono Toyama (26) have shown that
the n-*rt*transitions are more efficient than if*-it*in both cis -»trans and trans ^eis
isomerizations. These results are in agreement with those of Zimmerman, et.al.
(5)0 Birribaum and Style found just the reverse „ Their results are believed to
reflect a lack of effective filtering , They acknowledged that "the purity of
the radiation was very poor", and that the results should be used only for
"qualitative" comparison. Therefore, the common intermediate argument, based
on + j&f. = 1 is no longer valid based on quantum yields obtained by these
workers, since the results reflect a mixture of n*jt%nd it-^transitions „
Yamashita, et. al„ (29) claimed that for n*»jt, pc + p^ = 1 for azobenzene. How-
ever, Stegemeyer (21) and Zimmerman (5) have shown that the simple rate expres-
sions used by Yamashita and others are totally inadequate . Stegemeyer has also
shown that if correction is made for phenanthrene formation, p\ + f>c •* 1 for
stilbene at room temperature, but does not hold at lower temperatures (7, 28)
„
The mechanism as proposed by Zimmerman, Chow and Paik for cis -^brans would
follow 1,8,5 (?) or 1,8,2', 3' and for trans-»cis , 1», 8», 9 or iTJB 1 ,2 and 3.
They proposed that step 5 and 9 could be some type of "quenching to the ground
state with no appreciable loss of configuration",, The possibility of going
through "some third state" was admitted „ No evidence has been presented to
refute Lewis ' original postulate that the cis-»trans isomerization could not occur
in the excited singlet state because of lack of fluorescence. Assuming the same
mechanism for it "preexcitation, this should be true in the case of azobenzene also,,
Zimmerman, et„ al„ , using azobenzene, which does not give fluorescence in either
isomer, assumed first of all that the energy barrier in the excited state for
trans^»cis was much smaller than the ground state energy barrier (5 kcal vs 23
kcal based on the thermal isomerization) , They assumed that the energy barrier
must be small in order for the reaction to occur in less than 10 9 seconds,
which should approximate the lifetime of the excited state for lack of fluores-
cence „ The lack of evidence for the triplet state was also cited „ Kasha (23)
has retracted an earlier report of phosphorescence (3) cited in support of the
triplet intermediate for trans-»cis stilbene isomerization „
Fischer and Malkin (9) observed that the absorption bands (it-Ht*) for both
cis or trans azobenzene and stilbene occur at approximately the same position,
or slightly shifted to higher frequency in the case of the cis isomer. This
they assumed reflected an energy difference in the excited state comparable to
that in the ground state (approximately 10 kcal for stilbene, based on combustion
data) . This would suggest that the energy barrier to rotation should be greater
than 10 kcal. It should be pointed out that combustion data are often question-
able when one isomer is burned in the solid state and the other in liquid form.
This could reflect many things other than ground state energy differences between
the two isomers. A potential energy barrier in trans °*cis (S^t->S*) of some 40
kcal/mole has been proposed by Dyck and McClue (10J based on thermal isomeriza-
tion data minus the difference in heat of hydrogenation and percent change in
bond order. The life time of the excited singlet state has been proposed as less
than 10~9 seconds. It was felt that even an activation energy of 10 kcal would
be insurmountable within this life time. Hence, trans-»cis (S-f*—> S£) is unlikely
to occur,
Dyck and McClue (10) also studied the fluorescence and absorption spectra
of the p-monohalostilbenes and azobenzenes. These workers studied both the
fluorescence and absorption spectra of these compounds in crystal form trapped
in dibenzyl and in "rigid glass" form in methylpentanes at 77°K° The data dis-
cussed will be taken from the studies using solid solutions of dibenzyl.
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These workers found that the two most important fundamentals for both the
fluorescence and absorption lines were progressions of 212 cm x (211 cm" 1 for
fluorescence and 208 cm x for absorption), and 1600 cm 1 (1593 cm" 1 and 1635 cm" 1
for fluorescence and 1599 cm 1 for absorption),, These progressions were the only-
ones to appear upon varying concentrations. The corresponding azo compounds
gave similar results ; 220 cm x and 13^-2 cm -1 . Progressions of the same magni-
tudes were found in the para-chloro, bromo, and fluorostilbenes From the
similarity of progressions it was concluded that the symmetry of the excited
state must be pretty much the same as that of the ground state,
A correlation was made between changes in frequencies with changes in bond
order
:
Ab/b = A( v) 2/ v 2
where b represents bond order and'V the frequency. Using the progression fre-
quencies it was determined that the C=C total bond order drops by 4. 5$ in the
excited state, or a pi bond order decrease of 10-15$. This was compared to a
pi bond order decrease of ^5$ from Coulson's (12) calculations. These authors
then plotted bond order against frequency. Bond orders were based on L.C.A.O,-
M„0. calculations. According to their curve, the C=C pi bond order in stilbene
should change from 0.82 to 0,72; a decrease of 12.2$. This value is within the
range proposed . Dyck and McClure then plotted a potential energy barrier vs
,
bond order curve using ethylene-d2 and stilbene. The energies for ethylene -d 2 and
stilbene were taken from the work of Rabinovitch, et. a. (13) , for the thermal
isomerization of these compounds. This curve gave a value of hO kcal for the
energy barrier to isomerization of trans -stilbene in the excited state. This
value is in good agreement with those previously cited for stilbene and related
structures (28) . It was felt that solvation could not lower this by more than
10 kcal and probably by a much smaller value, since solvent polarity had no
effect on the spectra. Therefore, an energy barrier value of at least 30 kcal
should be present in the solvated isomerization. With this even greater value
for the energy barrier, the possibility for isomerization in the lowest excited
singlet state should be even less.
The possibility of the isomerization occurring in the triplet state is now
considered. Some of the most recent evidence for the triplet state in cis -»
trans isomerization of stilbene has come from the work of Hammond (15) using
benzophenone sensitized isomerization of stilbene. This work will be discussed
in more detail later. Conclusive evidence for the triplet state could be obtain-
ed from flash photolysis work or from a study of the phosphorescence spectra of
these compounds.
Dyck and McClure (10) have attempted to apply the heavy atom solvent method
of Kasha (20) in search of singlet-triplet absorption in stilbene. They have
attempted to assign "five shoulders" in a spectrum in benzene. These occurred
at 17300, I890O, 20^00, 21600, and 23200 cm" 1 (1500 cm progression).
Dyck and McClure generated the electronic states of stilbene by linear com-
bination of the electronic states of ethylene and two toluenes, following the pro-
cedure of Longuet-Higgins and Murrell (11) who calculated the states of styrene
using benzene and ethylene. By using the benzene symmetry (Dg^) and its known
electronic states, they generated the electronic states of toluene with the cor-
responding energy and symmetry (C2V). Then using those D2^ symmetry elements for
toluene which corresponded to the Cp
v
elements, these authors used those states
having the appropriate symmetry and combined these with the proper symmetry states
of ethylene in a manner similar to the combination of atomic orbitals to form
molecular orbitals. The four triplet states near or below the principal 1B-zu
states (
3Ag,
^ig,
3
^^,\x (•)>
3
As) have been assigned to four possible triplet
states lying below the first excited singlet state. This is some of the first
evidence for singlet -triplet transition (SC 2*T) in stilbenes. Note that even
in the lowest triplet state, the double bond character is still very strong as
shown by the 1500 cm 1 progression.
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Stegemeyer (18) has presented an argument based on the expected kinetics
of cis '•trans photoisomerization using two model systems shown in Figure III,
Model A reflects Zimmerman's later suggestion that the reaction could possibly
occur via a metastable excited state with an energy barrier separating the two
forms, and conforms to Malkin and Fischer's low-temperature studies. Model B is
an extension of Zimmerman's excited state singlet theory by Schulte-Frohlinde,
et. al„ (Ik) and Dyck and McClure (10) . They suggested the possibility of a
thermal excitation of the lowest excited singlet to a higher excited singlet,
followed by radiationless decay to a "common" triplet intermediate. The thermal
dependence in model A is assumed to be step 3 ( trans -%cis) , for no other reason
than logic and the lack of evidence for temperature dependence in any other step.
In Model B, steps 3 and 3' are assumed to be temperature dependent for the same
reasons just given, Dyck and McClure have reported a temperature dependence in
the fluorescence spectrum of trans -stilbene, Stegemeyer suggested that this does
not affect the overall reaction since these authors measured the fluorescence
before the system attained the photostationary state. Since the conclusions
drawn are based only on photostationary conditions (d[S^]/dt = 0) the results
have no bearing. It was also pointed out that fluorescence efficiency is solvent
dependent.
trans (Model A)
trans
(Model B)
Stegemeyer 's Kinetic Schemes for Photoisomerization - Figure III
Consider Model A in Figure III:
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°
'+ hv
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> T4
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(h)
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t
(+hv) (5)
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c
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** S,
(2')
(3')
* s
c
(+hv) (V)
1,2,3* • • • = k!,k2,k3 . .. = rate constants
Stegemeyer based his argument on the assumption that step 3 was the only
temperature dependent step. Hence
j
k3 = A exp ( -AU, /RT) k3 = A ' exp ( -AU /RT)
U G
where A and A' are the frequency factors and AU the activation energies. Then;
at
= - ys ] + k
c
[s
c
]
where [S^] and [S ] are ground state concentrations and k^ and k
c
are total rate
constants . Stegemeyer has attempted to relate k+ and k
c
to ki ,k2,k3 , „ . and
ki'^'Aa 1 ..., and then relate the resulting expression to quantum yields.
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For the trans ^eis isomerization the change in concentration in the ground
state can be written as
:
d[S ]
-dt" «~ ^3 + k5 [S*] + kjTj
d[sj] d[T
c ]
Subsequently obtaining ——— and
—rr— in terms of k^k^..,,, and setting each
equal to zero (assuming the photo-stationary state) . The following expression
results:
k = k1kak3k4
t (k^k5 ) [ ( k^fk4 ' ) ( k3 M-kJ - k3k3 ]
d[S
c ]
following the same procedure for — - , ;
k „ ki'k2 'k3 'k4' _
c (
k
2 <+k5 ) [ ( k3+k4 ! ) (
k
3 »+k4) - k3k3 !
By expressing the quantum yield in terms of k , Stegemeyer was able to relate
individual rate constrants to quantum yields
„
d(N
t
)/dt Vd[S
t
]/dt Vk
t
[S
t
]
t t t
where
:
a
fl<V „ d[St ]
I = = V
t dt
S *6 * dt S *S *
c t c t
I = number of quanta absorbed per unit of time by trans molecules in
volume V
N = number of trans molecules being converted
Note: If It is expressed in quanta/time then S+ must be in molecules/
liter, but if [S^] is expressed in moles/ liter then I^-a must be
in einstein/time.
ra
If I = Vka.tS.jJ, then:
k^ k
j Tj j C
p = -.— and likewise p - -—
.
Substituting in the values of k, and k and rearranging terms
:
L» C
pt k2 + k5
x k3k4 + k3 'k4' + k4k4 !
^m p
c k2 ' + k5 kak4 + k3 'k^+k^'
Following the same procedure for Model B, assuming 3 and 3 ! a^e thermally
dependent, the following results are obtained:
k3 „ k4 „«;, tk k3 » v k4 '<h = x —JSi and faPt k3 + k5
X
k4 + k4 •
m P x
'
™ Fc '" k3 • + k5 ' 1^ + k4 '
Consider Model A with an energy barrier between Tt and Tc , and assuming
that step 3 is temperature dependent, two factors control the quantum yields:
(k2/k2 + k5 ) or (k2 '/k2 ' + k5) , which Stegemeyer calls F and F 1 respectively.
Wot having data on the absolute quantum yields and decay rates constants of
stilbene, he employed some figures taken from work done by Lippert and Ltfden
(19)) 0.11 + 0.C4 and 1010 sec" 1 respectively. He concludes from these values
of absolute quantum yields (^Abs„= k5/k2 + k5 ) that k2 > k5 for trans-»cis isom-
erization and hence F should approach one, (F -> 1) and since k5 ' = (lack of
fluorescence in cis*»trans) , F 1 = 1„
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This reduces f>, and C to: j#t = k^/k^ + k3 , k4' + k4k4 ' and j#c =
k
;
jk4l/k3k4 + ks'ki' + k^ki ' . It was indicated earlier that k3=A exp( -AU^/RT) and
k3 ' = A' exp (-AUC/RT), Stegemeyer then assumes that at high temperatures k3 )>
k4, and at low temperatures 1^ )>)>k3 . This would explain Stegemeyer' s lack of
temperature dependence above 25 for both cis and trans. Malkin and Fischer (9)
observed dependence for trans r>cis and absence in the case of cis -*trans at +20*
to -l83°Co If k4» k3 and k4 '» k3 , this reduces to:
t
k3
k4«
A
k4'
"Aut/*T and ^ = kk4
-Au /rt
Stegemeyer uses the Arrhenius plot of Malkin and Fischer (9) to estimate AU, and
AU
c
at low temperatures (1^ )>> k3) . It should be noted in evaluation of this
argument that Malkin and Fischer expressed some doubt as to the accuracy of these
measurements which were given in preliminary manner for comparison to the azo com-
pounds, Stegemeyer assumed that A = A' and choee the ratio of frequency factor
(A) to decay constants (k2 + k5 ) giving the best fit to the experimental curve of
Malkin and Fischer. Since this ratio is the only measurable experimental value,
it was assumed that values could be arbitrarily assigned to the frequency factors
and decay constants.
Stegemeyer calculated a collision number of 1015 sec -1 for dilute solutions
of stilbene molecules with solvent in the trans °»cis isomerization. Considering a
lifetime of 10 8 sec for the [S^J state, an upper limit of 107 collisions is
assumed possible. This compared to the 1012 or 1013 sec" 1 needed for the common
intermediate model leaves a factor of 106 to be explained, while this appears to
fit Model A quite nicely. Assuming 3 and 3 ! to be thermally dependent steps in
Model B; (k3/k3 + k5 ) or (ks'/k^+ks ') would give the efficiency of excited state
singlet-Msriplet transitions. At high temperatures with k3)>)> k5 and k3 ')>> k5 »
,
this would leave k^/l^ + k* ' and k^ '/l^ + 1^ ' as the rate controlling terms. It
has already been pointed out that k4/k4 + k4 ' and k4 '/ki + k4 ' are probability
terms and as such should be temperature independent. This then leaves no
explanation for the curves in Figure IV for cis-»trans isomerization of stilbene.
In theory the curve should follow the dotted line. Curve I and II result from
using A(l) and A(2) respectively from Table I. Stegemeyer thus concludes that
Model A best satisfies the requirements of the reaction.
Table I
Model A Model B
col
f
col
Eh|
U. k kcal/mole h kcal/mole Ut
A 2.0 x 10s sec" 1 (1)
(2)
1.0 x lO^ec" 1
1.0 x lO^ec" 1 A
k4 5 * 105 sec"1 h x 10 sec"1 ks
d
1
CQ
O
Uc 2 kcal/mole 2 kcal/mole Uc
A' 2 x 10s sec" 1 1 x 1012 sec" 1 A'
k4 1 x 104 sec"1 1 x 109 sec" 1 V
O.65 0)
0.35 00»
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Ai was taken from the work of Dyck and McClure
A2 was found to give a better fit to the curve used by Stegemeyer
a) = kVki + k4'
co = k4 </k4 + k4
'
Probability of a molecule falling from the common
intermediate to give cis or trans product.
Recently Mallory, et. al. (21),
have studied the formation of phenan-
threne in the photolysis of cis -
stilbene. The presence of this re-
action during the photoisomerization
of cis-stilbene has been reported by
numerous workers (20,6,26) . It was
pointed out earlier that Stegemeyer
(7) suggested that the reaction took
place in the singlet state of the
cis -stilbene and not by way of a
triplet state intermediate, Malloryfe
study lends added support to
Stegemeyer' s suggestion. Stegemeyer
found a measurable rate for the for-
mation of phenanthrene starting with
cis -stilbene but none if one used
the trans -isomer. He also found
that no phenanthrene was formed
until some of the trans
-
stilbene
rearranged to the cis -isomer. This
also reinforces the argument
against St^ Sc
*
Mallory (21) has found that
oxygen is a necessary component of
the reaction. With the total ex-
clusion of oxygen only the cis->
^~ r _ '[" n 1
1
\A
h£ t
?
?
I
II
h
5
6 trans- ->ci£ cis—3 trans
Model. B
1
Model E
500 400 300 200 100 500 J+00 300 200 100
Temperature, °K
Logarithmic plot of quantum yields of
stilbene vs. temperature. Theoretical
curves by Model B (trans—>c±si I and II
result from different values of fre-
quency factor A.
Figure IV
(Reaction Scheme I)
III
trans isomerization occurred. He proposes the reaction scheme given above.
No dihydrophenanthrene could be isolated or indentified but certainly remains
the logical choice as the intermediate. He explains the possible lack of its
presence upon its conversion back to cis -stilbene with a favorable exothermic
energy value of 35 kcal/mole. He also presents a sound argument for the trans
conformation of the hydrogen atoms.
Mallory, Gordon and Wood (23) have extended this study to triphenylethylenes
which form 3-x-9 phenylphenanthrenes
.
Ill
X = Hi CH3 , CH3O, and CI (Reaction Scheme II)
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Mallory, et al., were able to show that the ratio of quantum yields in a solu-
tion saturated with oxygen to one saturated with air was constant (0©2/0 ^ =1, 27+ .01)
for all four substituents in reaction scheme II. This indicated that q was oxygen
independent where q is the quantum, yield of II in reaction scheme II, and f is in-
dependent of x where f represents the fraction of II produced, which goes on to pro-
duct (III) : f=k2 [02]/(k1+k2 [02 ]) in reaction scheme II. Solvent dependence was evi-
dent for electron donating groups. Mallory promised a full discussion in a later
publication. These workers .also obtained a straight line Hammett plot (with an excellent
Px(i-0hI
correlation factor) of log [ j / j J against <7m for the substituents (x) given earli-
er. The line save a slope of -1.15. This was attributed to the activation energy
barrier to Sc—->H in reaction scheme I. The sign of the slope was explained as re-
sulting from the electron withdrawal at the reaction site in order to form the new
C-C bond.
Moore, Morgan and Stermitz (23) have obtained results which substantiate much
of the work of Mallory and his group. They have also found spectral evidence for the
dihydro intermediate suggested by Mallory.
Hammond and Saltiel (15) have recently extended their photosensitized triplet
energy transfer reaction to stilbene. An excellent review of earlier work in this
area is available (24) „ Hammond has shown that the cis°3trans isomerization of stil-
bene can occur in the triplet state. Using triplet energy sensitizers (benzophene,
acetophenone and anthroquinone) they were able to achieve the isomerization of stil-
bene. Since the sensitizers have been shown to operate through a triplet mechanism
(27) it was concluded that this was also true in the case of stilbene. This then in-
dicates that the isomerization can occur by way of the triplet state. They also
point out that free rotation need not exist in the triplet state, as previously
assumed, and disproved by Dyck and McClure for the lowest possible triplet state.
They suggest the possibility of some configuration, stabler than planar, and the
possibility of intersystem crossing from the triplet state followed by isomerization
in a high vibrational level of the ground state as previously suggested by Lewis.
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ALPHA CHYMOTRYPSIN HYDROLYSIS
Reported by A, C. Henry May 13, 1963
The following abbreviations will be used in this review a.a.=amino acids;
APME=acetyl-L-phenylalanine methyl ester; arg=arginine; asp- aSpartate' ATEE =N-acetyl-
L-tyrosine ethyl ester; ATH=N-acetyl-L-tyrosine-hydrojamic acid) A-Xt=alpha chymotrypsin;
BAEE=N-benzoyl-L-arginine ethyl ester; cinn=cinnamoyl; DENPP=Diethyl p_-nitro"phenyl
phosphate; Dl( F) P=Diisopropyl( fluro) phosphate ; DNFB=2 , 4-Dinitrofluorobenzene j gly=
glycine; his=histidine; IM=7-(4-Imidazolyl) -butyric acid; imid=imidazole; met=
methionine; phe=L-phenylalanine; try=L-tryptophan; tyr=L-tyrosine; N/\SerNKs=N-acetyl-
serinamide; NP=nitrophenol (o, m, or p) ; NPA=nitrophenyl acetate '(o, m, or p) ; KPC-
nitrophenyl cinnamate; ser=serine; ser =serine phosphate; TPCK=L-l-tesylamido-2-
phenylethyl chloromethyl ketone; Xt-gen=chymotrypsinogen (inactive (A-Xt)).
Object. --In the course of this review it will be shown that A-Xt catalyzes the
hydrolysis of acid derivatives via a general base mechanism and that this catalysis
occurs in a relatively small portion of the enzyme, probably involving ser and his.
General. --The enzyme A-Xt has been obtained in pure form (1,2) and found to be
a hollow ellipsoid molecule (3) of molecular weight about 25,000 (4). Since A-Xt
possesses no non-protein coenzyme, its catalytic activity resides solely in the a. a.
residues as they are arranged in the native protein (5,6). ^n enzyme sets up a favor-
able geometry for an intramolecular attack on a substrate molecule (7) and performs
its catalysis in a very efficient manner (4) . A discussion of the mechanism of this
efficient action by A-Xt shall be presented herein.
In the classical biochemical sense "specific substrates" may be considered as
those substrates with which the enzyme acts most efficiently. The acid derivatives,
whose hydrolysis is catalyzed by A-Xt, have structures and molecular dimensions which
vary over wide limits (8-11) with each of the groups of the substrate molecule
R-, CHRpRs being important (12). However, in A-Xt, the requirement of a "spec;i.fic sub-
strate" is seen to be less stringent since there is a continuum of rate constants
(kcat. Eq. l), a measure of specificity, with a 10
6
range (13)- Since there is no
discontinuity between "specific" and "non-specific" substrates for A-Xt, one can use
a variety of "non-specific substrates" with experimentally easily measurable groups
in investigating the activity*
In their catalysis, enzymes are usually seen to follow the kinetic mechanism
E + S J$EU. ESj. ^cat
.
,
E + P (Eq. l) . A comprehensive treatment is found else-
where (8b), ESx represents an adsorptive enzyme -substrate complex, the stereo-
chemistry of which resembles that of a transition state (13)« For many of its
substrates A-Xt has been shown quantitatively ( 14-17) to follow the mechanism:
E + S -^U. ESi kacyl.* ES2 hdeacyl T E + P (Ecl" 2 ' ' where E£2 is a covalent
enzyme -substrate compound. Herein a qualitative approach will be used.
Active Site. --The active site of an enzyme may be defined as a region among
several chains which contributes nucleophiles, electrophil.es, and specificity loci (1) .
This active site is small compared to the entire enzyme since substrates are generally
much smaller than the enzyme. One enzyme, mercuripapain, may be cleaved so that its
185 residues are diminished to 76 (l8), with no loss of activity. A-Xt, cleaved to
71$ of its original size, retains 76? activity (19)» . The bulk of the enzyme probably
serves two functions: a) evolutionary, the a.a.'s serving as a backbone for the jux-
taposition of a limited number of necessary functionalites in space, (b) the use of
physical properties of macromolecular polyelectrolytes for purposes other than
catalysis (20) .
In A-Xt there is only one active site. DIFP reacts as follows: a) does not
react with Xt-gen nor with the individual a.a.'s of the enzyme in isolation (21),
(b) in a 1:1 stoichiometry, totally inactivates A-Xt (22,23) . DENPP gives similar
1:1 stoichiometric inhibition (24). Similar effects were noted on both the esterase
and proteinase activities (22) . This implies that this reaction with DIFP is asso-
ciated with the one active site of A-Xt at which probably all reactions occur.
Similar implications that there is only one active site will be seen in the section
on the acyl enzyme.
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The Acyl Enzyme Hypothesis. --When o-NPA is used as a substrate for A-Xt, the
overall reaction is o-NPA^ o-NP + HOAc. However, no titrable acid is liberated in
the time in which the full quantity of o-NP has been liberated (6,25,2b). Identical
evidence was found spectrally (U. V. ) for NPC (k) . The reaction does not occur with
inactive enzyme (6) and temporarily inactivates A-Xt with a 1:1 stoichiometry (4,26).
The stoichiometry is confirmed by the isolation of mono acyl derivatives of the en-
zyme including that of acetic acid (27) and a number of other acids both similar to
and very different from acetic acid in structure (27,28) . This acyl group is usually
lost easily in alkali (27) • In addition, this acylation was also accomplished by less
labile acid derivatives (29) • This data suggests the presence of only one active
site. It should be noted that A-Xt is not acylated if previously treated with DIFP
(4) and that the difference spectra of DIP-A-Xt vs. A-Xt is similar to that of acetyl
A-Xt vs. A-Xt (30) indicating that both react at the same active site. Also, IIPA
inhibits the hydrolysis of ATEE (a "specific substrate" reacting at the active site),
it being unlikely that the small acetyl group would inhibit unless the same site
were required for both (17,31,32).
This acyl enzyme is a covalent compound. If denaturation takes place after
acylation the acyl group remains bound until the cause of the denaturing is removed
(6). The stability and rate of formation of acylated enzyme vary with the nature of
the acyl group as might be expected if the acyl enzyme corresponds to an intermediate
in normal enzyme catalysis (27) • On the other hand, if the rate remains the same
for a given step of a reaction of RCOX when X is changed and R remains the same,
there is probably present a common intermediate. The latter is found for k£eacyi.
in Eq„ 2 (4,33,3*0 - The kinetics of the catalytic hydrolysis of NPA also indicate
that acetyl A-Xt is a true intermediate (4,17).
This simple scheme, however, is not adequate for explaining the hydrolysis of
ATH (35-37)' The argument is as follows: (36), ATEE is used as substrate for A-Xt
and is subjected to hydrolysis and hydroxylaminolysis giving tyr and ATH respec-
tively. A decrease in hydrolysis was noted when hydroxylamine was added. ATK was
then used as substrate. If the acyl enzyme is a true covalent intermediate in the
latter reaction, then, since the same acyl enzyme would be present in ATEE and ATH
reaction with A-Xt, a corresponding decrease in hydrolysis should be noted for ATH
as for ATEE. The fact that it does not decrease as expected eliminates the acyl,_
enzyme compound as part of ATH hydrolysis by A-Xt. Hippurate esters were also
found not to be hydrolyzed via an acyl enzyme (38)
•
However, it is possible that with many substrates, especially reactive acylating
agents, this acyl enzyme is formed (36,39) isolable in the case when kacyl."^" k^eacyl.
(Eq. 2) . Henceforth, discussion will be limited to the acyl enzyme mechanism.
Determination of the groups involved in A-Xt catalysis will now be presented.
The first a. a. to be discussed is ser, ( NH2CH( CH2OH)COOH) . The group acylated is not
an SH (40) since the enzyme is stable in the presence of oxygen and thiol and cyanide
have no activating effect. Hydrolysis of the DIFP inhibited enzyme gave a peptide
gly-asp-ser (?) -gly (4l), a sequence found in a number of enzymes (4,13) fittingly
referred to as "ser proteinases". It must be remembered that the a. a, sequence is oriy
one parameter of the active site (experimentally the most accessible one) since the
integrity of the enzyme must be maintained for enzymic activity (4). Synthetic ser(p)
and the isolated material from hydrolysis were identical in properties (42). The
former is formed as part of the mechanism for A-Xt inactivation and not as an arti-
fact of the degradative procedure since no serf P) is obtained if DIP + A-Xt are
subjected to the hydrolysis procedure (42).
Ser is not arylated by DNFB. The fact that the same amount of DNFB reacts with
Xt-gen, A-Xt, and DIP-A-Xt (9,43) is consistent with a ser phosphorylation, the site
of the DIP residue not being any group that will react with DNFB.
The acylation of A-Xt also occurs at the ser residue at the active site (9,10,
17) • Degradation of the acetyl -A-Xt indicates that the acyl group is bound to the
hydroxyl group of ser (4) . A stabilization during this procedure; giving a covalent
compound not previously formed) is unlikely (43). Ultraviolet spectra of the acyl
enzyme (4) using cinn derivatives are seen to be similar to the absorption spectra
of 0-cinn-NAserMH2 in 10 M lithium chloride, an ionic solvent, this similarity being
consistent with the ionic environment of ser at the active site (adjacent asp) . The
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acylated enzyme (cinn) may be denatured with urea and the rate of the non-enzymatic
hydrolysis measured and compared with model compounds (h) . The ratio:
k(alkaline hydrolysis 0-cinn-NAserNH2 ) /k(alk. hyd. acyl enzyme), both in 7-74 M urea,
is I.51. Tlie acyl enzyme therefore is probably an ester since no covalent bonds are
broken in the denaturation (4).
However, in the case of reactive compounds ser may be acting as a scavenger (36)
since the hydroxyl group of NAserM2 (a model similar to that in the peptide chain
(kh)) was found to be 103 times more reactive than water in several reactions (44,^5).
No similar exceptional activity was observed for ethanol.
The fact that most enzymes regardless of ser content do not react with DIFP
makes it evident that in A-Xt only one of- the ser residues is in a particularly reac-
tive state toward DIFP due to an unknown configuration of a. a. ' s in the vicinity {k2) .
It was seen above that in the denatured enzyme (h,S>) the tertiary structure is
abolished and the acyl group remains bound until the denaturing effect has been
removed. Therefore, the residue to which the acyl group is bound (ser) plus another,
not immediately joined to ser in the chain, is necessary for "deacylation" of the
enzyme. This other group is probably his f H \«
-=n— CH2-C-C00H
HN^N MH2
Photooxidation in the presence of methylene blue leads to a decrease of 1.02
mole his/mole enzyme and gives a completely inactive enzyme (46). TPCK reacts with
A-Xt as follows ( ^-7) • a) no reaction with Xt-gen, b) no reaction with DIFP inhibited
enzyme, c) stoichiometric loss of 1 his giving totally inactive enzyme.
It is generally agreed that a group with pKa ca. 7 is involved in the catalytic
activity of A-Xt (4,9,14,15,48-50) and that this group must be uncharged tc be effec-
tive (i.e. in its basic form (15)). That this group with pKa 7 is not involved in
the formation of ESj_ (adsorptivej but only enters into the subsequent catalysis is
seen from the independence of the Michaelis constant, Km ( a type of "equilibrium
constant" here) (Eq. l) of pH over the range of inflection. The pH dependencies of
the various rate constants (Eqs. 1 and 2) are as follows: a) k^eacylation an(i - :cat.
for those substrates in which deacylation is rate determining show a sigmoid pH-rate
profile with inflection ca. pH 7 (51), a curve which would be exhibited for a single
ionizing species (7, 4b, 52); b) kacy]_a -j--j_on and kca ^. # for those substrates in which
acylation is rate determining exhibit a bell-shaped profile with pH optimum 7»8 and
inflections at ca. 7-2 and 8.5 ( 5.3) • A possible explanation for the different pheno-
mena in acylation and deacylation (in view of the argument for microscopic reversibi-
lity to be presented later) is that a conformational stability in acylation is
unnecessary in deacylation because of the covalent link of the acyl enzyme.
It should be noted that A-Xt is changed in interesting and perhaps fairly exten-
sive ways by pH (5^->55), with a maximum effect on substrate binding at pH ca. 7-5,
the normal conformation for catalysis being at that pH. That the enzyme conformation
changes on substrate binding has been further developed (56-58). These conformational
changes, however, may prove to be trivial or too sluggish to be related to fast cata-
lytic processes (55)°
It should be mentioned also that the pH curve for try was different from that
for tyr, suggesting that the characteristic a. a. side chain (while possessing no formal
charge) is of considerable value in determining the nature of the pH activity curve
(54). Consistent with this is the postulation of a non-polar binding site for sub-
strates (59,6o) and the implicated involvement of try at the active site (6l).
It was formerly thought that his was acylated as part of A-Xt catalysis. The
evidence for this is spectral. Acetyl imid absorbs at 245 mu. Such a peak was
found (62) during A-Xt hydrolysis. There was also observed a decrease in absorbance
with time which was attributed to the hydrolytLc removal of acetyl from imid at the
active site. This decrease had been preceded by a very rapid increase, supposedly
caused when the acetyl group shifted from ser to his. The peak and decrease in
absorbance seen were said to be characteristic of acetyl imid and its rate of hydro-
lysis. That such was not the case was seen by a number of workers (6,17). By the
use of difference spectra the peak was seen to be due principally to ionization of
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tyr (63) and the absorbance change as a light scattering effect. Furthermore , the
rate of spectral shift was only 10$ of the rate of deacylation measured under iden-
tical conditions (10). Further evidence against the acyl attaching to his are
:
a) the arguments for ser; b) k a^l^ hyd . N_cinn imid)/k( ai^. hydo acyi enzyme)^oth in 7.74 M
urea=399 > and c) arguments from the measurement of proton release (l4,15J
tent with ser. The consistency of the results in (b) at different pH's is used as
proof against the theory that different a. a. residues pick up the acyl group at
different pH's (4) .
Other groups implicated in the active site (functionality not known with cer-
tainty) are try (6l)
,
met (64,65), and tyr (66)=
Mechanistic Considerations. --Nucleophilic catalysis may be defined as the attack
of nucleophile on substrate giving an unstable intermediate which decomposes to give
product and catalyst (67)0 In general basic catalysis, however, in the classical
Br^nsted sense, the catalyst reacts (68) by means of a nucleophilic reaction on H
(as opposed to C in nucleophilic catalysis) , the attack of the general base on sub-
strate removing a proton in the rate determining step (67). If an acid HA reacts
slowly in the donation of its proton for catalysis, a proton transfer becomes part
of the rate determining step. This mechanism is referred to as general acid cata-
lysis (67)0 A fairly comprehensive treatment of the kinetics of various types of
each of the forms of catalysis is found elsewhere (69K
It will now be shown that the mechanism for acylation of the enzyme is the same
as that for deacylation. Methanol (which is specifically bound to the enzyme at the
active site, as is water(70)) may be used as a .water analog(7l) and in model systems
of isotopic exchange (72.)= If one methanolyzes APME (C14 in the methyl group) and
observes a catalytic exchange, then, since the acyl enzyme is postulated as a cova-
lent intermediate, the catalysis may be looked upon as a reversible reaction, with
acylation and deacylation respectively the forward and reverse reactions, A simi-
lar result was noted for acids labeled with 18 in the C00H group (73)° The prin-
ciple of microscopic reversibility requires that for such reversible reactions the
transition states for one reaction be identical with that of the reaction in the
opposite direction. The deacylation step is therefore the microscopic reverse of
acylation with a change only in nucleophile in hydrolysis. The similarity of pH
effects and the deuterium isotope effects (to be discussed next) respectively on
all rate constants (kca -£_, kaC y]_^ kdeacy^) are consistent with this principle.
The reaction catalyzed by A-Xt was studied in deuterium oxide (D20). It should be
noted that A-Xt is not denatured in D2 (74) and that enzymes are not often affected
appreciably by D2 (75-77) • While there is no unambiguous demarcation between 1°
isotope effects found in general base catalyzed reactions and 2° isotope effects found
in nucleophile catalyzed reactions, the general empirical observation can be made
that (74) kfl/kD for the former =2-3, for the latter ca. 1. A slow proton transfer
should result in a lowering of the rate in D2 (l° isotope effect), whereas reactions
proceeding without a slow proton transfer (nucleophilic) should result in little dif-
ference in rate (2° isotope effect) . kca^, kac y]_^ and k^g^y^ for A-Xt hydrolysis
(39,74) were associated with a deuterium isotope effect of 2-3« This effect is pro-
bably not just due to a difference in the solvation of ions, an effect usually of the
magnitude 1-1.5 (78-80). The effect is what one would expect for reactions with a
proton transfer in the rate determining step. The fact that in water the pH dependence
resides in a group with pKa=ca. 7-1, whereas in D2 the pKa=ca. 7«75 shows that the
same group is involved (8l) and therefore probably the same reaction is occurring in
both solvents.
Nucleophilic catalysis of NPA by imidazole shows no deuterium isotope effect
(74) whereas when imid acts as a general base the effect is greater than 2 (82,83).
Imid is also known to catalyze the hydrolysis of N,0-diacetyl ser NH2 via a general
base mechanism (84).
Deuterium isotope effects are consistent with a general acid mechanism. How-
ever, the independence of kdeaCyi. of pH from 8. 5-12.9 (13) rules out the participation
of any general acid with pKa less than 13»9° A variety of other more complicated
possibilities also exist (74) among which the isotope effect cannot distinguish. From
model studies and pH data, however, the postulation of a general base mechanism is
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most favored.
An attempt was made (85) to minimize the classical specificity and introduce
structural changes into the leaving group (the least important parameter in deter-
mining "specificity"( 5) ) of the substrate molecules which would result only in
electronic effects on reactivity. This assumes that the effects are due only to
differences in rates and not in binding (an acceptable assumption). Electron with-
drawing substituents were seen to accelerate the reaction (9*85-87), the results
being interpreted in terms of domination of the catalytic step by nucleophilic
attack, common to all such reactions of esters as predicted by simple theory (85).
Using the Hammett op (the special cr- originally defined for reactions of phenols and
anilines) the p is found to vary over the range 1.4-2.1 for a variety of substrates
(39;S5)- That this substituent effect is qualitatively independent of the acyl group
used indicates that the substituent effect is a real one. Intermolecular reactions
are much less sensitive to substituent effects than are intramolecular
,
yet qualita-
tively, they are the same (85,88) . Qualitative predictions then, from model compounds,
are allowed (88). IBA phenyl esters show a sensitivity to electronic effects similar
to that of A-Xt with substituted phenyl esters (89), implying a nucleophilic catalysis
by imido Kis cannot act alone as a nucleophilic catalyst due tc the lack of corres-
pondence between imid and A-Xt catalysis, together with the fact that imid will not
cleave simple alkyl esters whereas A-Xt will (9,68). Ser, however, is perhaps the
only nucleophile at the active site (90)-
The probable mechanism is now presented. It has already been shown that the
acylaticn and deacylation step are identical. The first step in enzymatic processes
(9) is the formation of an adsorptive complex between substrate and enzyme followed
by a catalytic process during which the substrate is constrained with respect bo the
active site by a variety of forces. It is in this state that the catalytic reaction
to be proposed occurs.
For those substrates which do not undergo reaction via the acyl enzyme mecha-
nism, the enzyme probably serves (38) only to activate the substrate for a direct
nucleophilic attack by the final group acceptor (water, methanol, etc.).
The mechanism for these substrates which acylate the enzyme as part of the
mechanism cf their hydrolysis are seen to be consistent with a number of combina-
tions of general' acid, general base, and nucleophile, all of which conform to the
necessary requirements (13,68,91)
.
The actual mechanism most likely involves his acting as a general base taking
a proton from ser which then reacts (90).
°
R-C-0 R-C^-OR
\ Sk.0_ / XH
I
ser
H-^K) Ser ^B
B
I
Acviation Deacylation
Fig. 1. (39)
Trypsin. --The generality of the treatment for A-Xt to other enzymes has been
extended to trypsin (73)* Similar results to those presented in this review were
found. However, TPCK does not deactivate trypsin (47). The significance of this
result is unclear.
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RECENT INVESTIGATIONS OF BIRCH TYPE REDUCTIONS
Reported by J. F. Coleman May 16, 1963
The use of sodium or potassium and a proton donor in liquid ammonia as, a reducing
system for aromatic compounds was reported by Wooster in 1937 (1,2) '-. Further work
was subsequently done en this system by Birch (3A) and today the Birch reduction
is a well-known and useful tool in synthetic organic chemistry. The Birch reduction
up to 1953 involved the reduction of aromatic compounds by a sodium (or potassium)
-
alcohol-liquid ammonia system to the 'corresponding dihydro derivatives^ The use of
lithium instead of sodium or potassium and the delayed addition of the alcohol was
H H
Na(K)
,
EtOH_
NH3
proposed by Wilds and Nelson in 1953 (5)° This was found to be very useful for the
reduction of compounds which were difficult to reduce under normal Eirch conditions,
such as the reduction of estradiol methyl ether ( I.) to its dihydroderivative (H)(6)
Since that time, Benkeser and co-workers (?) have described the use of lithium and
OH
Li, EtOH
NHs
Me I
MeO MeO
II
alcohol in low molecular weight amines for the selective reduction of aromatic com-
pounds. Thus, the "Birch" reduction of an aromatic compound can be accomplished
using sodium, potassium (8) , lithium or other alkali or alkaline earth metals in
ammonia or an amine with an alcohol, or othei' proton donor present, For this paper,
the term "Birch Reduction" will be defined to include the entire range of these
variables* A recent review (9) describes the experimental conditions of the Birch
reduction.
The most recent organic seminar on the Birch Reduction (10.) presented the
mechanism as proposed by Birch (11,12). This can be represented as:
Ar + ee
A
Ar
Ar*
e ROH
Aril-
Q
2R0H
ArH
ROH
>• ArH2
The kinetics of this reaction have been worked out and are reviewed elsewhere (10,
13,1^-) • In this mechanism, both paths lead to the same product. The reversible
step B is thought to be significantly competitive with the protonation of the anion-
radical, Ar^, only when a poor proton source is present, or in the case of polynuclear
hydrocarbons which can form dianions readily. Proof of the existence of the anion-
radicals under Birch conditions has been given by electron spin resonance studies
of nitro-substituted benzene ions (15), naphthalenide ions (l6), the ions of benzene,
toluene and the xylenes (17), and the ions of pyridine and acridine (l8). This has
been reviewed elsewhere (19)° It has also been shown by magnetic susceptibility
methods that anthracene and phenanthrene from diamagnetic divalent ions (20.) .
Weissman, et al. (21), found the following order of increasing electron affinities
"in a series of aromatic hydrocarbons: benzene << phenanthrene <C naphthalene =
anthracene
c
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Further proof of the formation of the proposed anion-radicals under Birch
conditions is the trapping of the anion-radical intermediates. Weyenberg and
Toporcer (22) trapped the benzene anion-radical resulting from the reaction of
lithium (or sodium) with benzene in tetrahydrofuran by its reaction with chlorosilanc.
// Vx + Li >-
"O
( CH3 ) 3SiCl ( CH3 ) 3Si
-^
H 1) e'e ( CH^Si
, 2) (CH3 ) 3Sici
HN==y sl(ck3)3
Weissman, e_c al. (21) , trapped the naphthalenide anion-radical with C02 and
posed the following path to account for their observations.
^V%
V ^O' "activation"^
II COO
H „,_
-*~
H
.?)
:ocr
.coo*
CI>
IU.
II
!" ctivati n"
i"C02 (slow)
ii coo'
H e
co
;
-.
Stork, et al. (23) } trapped the intermediates from the Birch reduction of &,&-
unsaturated ketones and obtained a- substituted products such as V. Stork assumed
liq. MH3@
ill
or C02 /?.
f ^P'-
«Sv ,-'
R
1
,/H
V
the proton is removed from ammonia by the intermediate anion-radical formed by addition
of one electron to an a, (3-unsaturated ketone (2k) . Using this method, Stork , et al.
,
have prepared trans -1 -methyl -2 -decalone (V, R=H, R'=CH3 ) in 55/° yield by addition of
methyl iodide to the reduction mixture of III (R--H) instead of a proton donor.
Addition of the reduction mixture of III (R=CH3 ) , after replacement of the ammonia
by ether, to a mixture of dry ice and ether produced , after acidification and esteri-
fication with diazomethane a p-ketoester ( V, R=CH3 , R'! =C02CH3 ) in \rfp yield.
To support the proposal of the formation of a p-carbanion intermediate, Stork and
Tsuji (25) added lithium to a solution of VI in tetrahydrofuran and dry liquid ammonia
followed by decomposition with ammonium chloride and isolation of VII in k^% yield.
CH2OTS CH2OTS
+ Bi
THF
liq. mii •OTS'-
//
0'
VII
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Using the method of Stork, et al. (2J>) , Gaudy and Deghenghi found that direct
angular alkylation was also possible in the pregnane series (26). They alkylated
lo-dehydr©pregnenolone acetate (VIII, R=CH3C0, R'=H) in tetrahydrofuran-liquid
ammonia-lithium solution with excess methyl iodide, then reacetylated and obtained
a 25CA> yield of 17a-methylpregnenolone acetate ( IX, R=CH3C0, R'=H, R"=CH 3 ) . When the
6-methyl derivative of VIII was subjected to the same alkylation treatment, the
corresponding 6,17a dimethylpregnenolone acetate ( IX, R=CH3C0, R'=CH3 , R"=CH3 J was
obtained in 4(# yield. Alkylation of VIII with ethyl iodide gave the expected YJO-
ethyl derivatives =
1) Li, Mi3(THF)
2}~R"I
VIII IX
Evidence for incipient fB-carbanion formation can be found in reductions with
lithium in liquid ammonia of ring A-3-keto-l^i-dienes having a neighboring 11a-
acetoxy substituent (27). Thus, controlled reduction of lla-acetoxy-17a, 20:20, 21-
bis-methylenedioxy-l,4-pregnadiene-3-one (X) leads to a 1,2-dihydro-l-acetyl
derivative XI isolated as the hemiketal.
'0—1
/0"
<
)
on
~-0-U—o.
CH3-C-O. f^'^ S
0-
>\1 A
X XI
Cleavage of the B ring of steroids is also possible with lithium in ammonia (27)
•
In this manner, reduction of l,4-androstadiene-3>H;17-trione (XII) affords the 9//I0
seco product, 3-hydroxy-9//l0 seco»l,3,5( 10) -androstatriene-ll,17-dionc (XIII).
^ t
2ir ^
H0/
1
XIII
Stereochemistry of the Birch Reduction. --In a simple substituted or non-substituted
conjugated system, Birch reduction affords either the ±,k- or 2,5-dihydro deri-
vative depending on the nature of the substituent (3,28). In the case of a,p-
unsaturated ketones, results collected by Barton and Robinson (29) have shown that
in the cases described, the thermodynamically more stable form of the dihydro compound
was the predominant form. These results were collected for steroids and triterpenoids.
Analogous results have been reported by Schaub and Weiss in the case of the reduction
of testosterone to yield 17p-hydroxy-to-methyl-5a-androstane-3~one (30). Stork and
Darling (24) have described several cases where the less stable form of the product
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is formed. Tlicy propose the following rule to correlate all result;:- In reduction
of an octalone system with lithiur.i in ammonia the product will be the more stable of
the two isomers ( cis or trans ) having the newly introduced hydrogen axial to the
ketone ring. Stork and Darling explain these results in terms of continual overlap
of the P-orbital with the enolate double bond*
Bauld recently reported that the addition of metals to conjugated cysteine such
as (l9,3l) exhibits a pronounced cis -stereo -chemical preference, yielding
r-r r-n Vro L^
'
ac ^' s rich in or exclusively composed of the less stable cis -olefinic
isomer, though the proportion of cis isomer decreases as the polarity of
the solvent increases. Bauld accounts for the observed stereospecificity in terms
of the structures of the two possible anion radicals XIV ( cis ) and XV ( trans ) . Since
o=c-c=o
K
-7-
K °
1/
=># K
II
,c
+
^
A
ic-o -p
0.
Y
,c,
0^
2BzCl
X0^
70Bz
II
AvOBz
(ft®
and
,0Bz
*C
K \
iBzCl
>
\,BzCX p
XIV is the more stable according to stereochemical and b .nding considerations , Bauld
proposes that the cis -dianion, which would be less stable than the trans-dianion
,
nevertheless is in excess due to the excess of the cis -anion-radical .
.
Bauld has
also reported (J2) that the same is true in 1,3- diene systems although the stereo-
specificity would not be as high in the diene system as in the benzil system above,
0.
I
I
L**T7 V<
o
7 X
.:-)M
Hr
XIV XV
s can be seen by comparing the cis -anion radicals of a diketone (X; 1
1
XVII ) . Ion pair interaction is maximum in XVI but in XVII the Na is
and a diene
displaced from
Na
XVI
$> -
H \ /
H H
XVII
II
its maximum position by the two inside hydrogens. Thus the specificity in the diene
system is less than in the diketone system.
In the Birch reduction of bicyclic ketones, it has been shown that the e-ndo
alcohols are the preponderant reduction product (33)- Thus substituted bicyclo-2,2,1-
heptanone-2 compounds, like norcamphor
alcohols.
( XVIII.) yield mainly the corresponding endo-
K
Ha, ROH
A 1A OH
XVIII endo-norborneol
It has also been reported that methoxy groups are/ at times, hydrogenolyzed
during Birch reduction (3^,35)- Thus, the reduction of 1- or 3~methoxy-2 naphthoic
acid (XIX) yields 1,2,3,4-tetrahydronaphthoic acid (XX) under Birch conditions while
the 2 -methoxy-1 -naphthoic acid (XXI) retains the methoxy group and affords 2-methoxy-
l,k, 5 ,8-tetrahydro-naphthoic acid (XXIl) . Eliel and Hoover ( 3'r) propose the following
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reaction paths to account for these results, These reaction paths are based on the
following known facts: a) The metal in the Birch reduction adds most readily bo the
carl' L- substituted carbon and the carbon para to it. b) Cf the primary r duction
•
-C02H Mir COaH
EtOH
hydrogen-
oiysis
\\
COpII
i
XIX
t
Li,EH3
EtOH
^
rCOoH
i
OGHr
Li,KH3
EtOH
OCIh
Li,NH3
EtOH
CC
If - OCH3
XXII
XX
product is a methylene cyclohexadiehe, it rearranges readily to a benzene derivative
(36) and c) a methoxyl group in a p-methyl styrene or in a benzyl ether is readily
hydrogenolyzed (37); whereas other types of methoxyl groups evidently survive the
conditions of the Birch reduction.
Wilds and Kelson (5) reported the partial loss of the methoxyl group on lithium-
ammonia reduction of l-methoxy-5,6,7,8-tetrahydro-naphthalene. Cleavage of a methoxyl
group and an ether was found when an o-methyl demesticine (XXIIl) was treated with
sodium in ammonia ( 38)
aporphine ( XXIV)
.
The product was Identified as 2-hydroxy-10-methoxy-
CHsO-r^
N-CH3 N-CH-
Na,NH3
HO
XXIII XXIV
^dJlgJL..ffi-rch Systems . - -As mentioned earlier , Benkeser . et al. (7), have studied
the reduction of aromatic compounds by lithium in low molecular weight amines, This
new system has proven useful enough to merit further discussion. In his modification,
Benkeser has used methyl- amine, ethyl-amine and n-propyl-amine as solvents (39), To
account for the presence of all three isomeric alkyl cyclohexencs in the reduction
products from the lithium-methyl -amine reduction of alkyl benzenes, these steps were
proposed (39/.'0): a) an initial 1, ^-reduction of the alkyl benzene, b) establishment
of a complex equilibrium between the conjugated and non-conjugated dihydroalkyl-
benzenes followed by c) a final 1,4-addition of electrons to the various conjugated
dihydroalkyl—benzenes followed by protonation which can be followed hy slow 1,2-reductioi
R
(^ 1
addition
and
li
addition
H R
r"'
H
1,2-addition
>low
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of the alkyl cyclohexane. It can be seen from Table I (k ) bhat bhe t tdu . oi
of alkyl substituted aromatic hydrocarbons with lithium , :thyl amini L's to a
re of 1--, 3~ and 4-alkylcyclohexenes and small amoi
with the 1-alkylcyclohexene in largest yield. From the sa
n
vith
lithium it is also seen that the alkylcyclohexanes arir. i • • ft che reduction
Table I (hi)
Reduction of Aromatic Hydrocarbons with Lithi i Ln
Hydrocarbon
Toluene
Ethylbenzene
Is op.i opylbenzene
t-Butyll en ;ene
$ L-Alkyl
-
Cyclohexene
f> 3- and 4-A11 -
Cyclohexene
s
a] i ' -
59
62
46
43
58
c
6o
40
51
38
54
57
23
50
4^
b
•
18
o
b
I
100-110°
>0-i56°
15<
169-172°
a) 4 equivalents of lithium used. b) 6 equivalents of lithium used,
of 3- a^d 4-alkylcyclohexenes. Further r>roof of this is seen in Table II (4l)
These results are easily explained in terms of an inductive effect impeding the rate
of acceptance of elections by the double bonds.
Table II (hi)
Reduction of 1- and 4-aIr,ylcyclohexenes _w;ith_Lit.iilum in liethylamine
Cyclohexene Reduction Time (hrs) $> Alkylcycloliexane
1
-methyl
-
4-methyl
1-isoprcpyl-
4-isopropyl-
k-isopropyl-
59
I
a) 2 equivalents of lithium usee,
With the use of lithium in amine solvents, the reduction of an isolated mul-
tiple bend is accomplished with trans-addition of hydrogen (42) . , 3-octyne
was reduced at -7C to trans- 3-octene and 5-d.ecyne to trans scene un&ei the
same conditions (42), Reduction of non- conjugated double bonds h« i beei reported
by Traynham using lithium in ethylamine (43). This investigate] , bed to reduce
norbornadiene (XXV) under these conditions in hopes of obtaini i{ good yield of
nortricyclene (XXVI) from conjugative 1,5 -addition. However, nortricyclene was
present only in 13/' yield while the predominant product was norbornene (XXvTl)
,
in 64$ yield from 1,2-addition, and a minor amount of norbornane (XXVIIl) was formed.
When 50v° excess lithium was used norbornane accounted for 55$ ° ]" the product mixture.
XXV
Li
EtNH-
XXVI
/ft-'
XXVII
/..--
an
me conditions andThe reduction of norbornene (XXVI I ) was then attempted under t
afforded norbornane ( XXVIIl)
,
but at a slower rate than riorborhadie ie ( <XV) affords
norbornene. Thus, for the reduction of isolated double bond Lt is found (43) -i--t
norbornadiene is reduced faster than norbornene, which is still faster than
cyclohexene, which is reduced with difficulty The react. m i; -_ _< »d
norbornene under Birch conditions is attributed to the straa norbornane system (43)
Reduction of benzenes bearing reducible funoticnal groups like oL 1 Lns ketones,
and nitriles leads, in Birch reduction, to saturated carbon chains, aleohc I
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primary ami es
;
respectively, and the benzene ring is usually reduced, to a mono-
olefin (44). The effects of nitro and carboxyl substituents on benzenes in this
jysti re also studied (45,46). It was found that an : nitro compounds are
reduce.! tc aromatic amines with lithium-methyl -amine in about 6C$ yield. Some ring
reduction took place, but not as much as would be expected since aromatic amines can
be reduced to cyclohexylamines under the same conditions (46). This is explained by
the two reactions below where the equilibrium C would be expected to lie tc the right,
J?
R- ^n>
R
/
.-Mi;
+ 6Li + 6 EtNH2
+ EtNH
,\
R
R--
+ bEtNHLi
'. L.I
.(-9
:HP
v
At the low reaction temperatures, XXIX would not be exp< : ed to accept electrons
because of its negative charge. However, aromatic amines can be reduced under the
same conditions to yield cyclohexylamines if a high RHH concentration is not pre-
sent as in the reduction of aromatic nitro compounds (46)
A novel Birch reduction of ferrocene (XXX) has been carried out oy Trifan and
Nicholas (47). In this case, the anion-radical initially formed presumably cleaves
to give a cyclopentadienide ion and a (C6H5Fe)* fragment, which is then further
reduced. A good, review of this is also found in Ellis 1 thesis (48).
Li
+ Fe and ©
+ # \\ //
EtNH;
XXX
Benkeser, et al. (49), have also found that the lithium-low molecular weight
amine reduction system can be made highly selective by using a mixture of amine sol-
vents such as methylamine, ethylamine, or .ethylenediamine, with dimethylamine or
morphcline • Thus, the amount of the thermodynamically more stable 1-alkylcyclohexene
from the i-ec.iuc~.ion of an alkylbenzene is increased, au the expense of the 3- and 4-
alkylcyclohexenes. Table III (49) summarizes the results with several such systems.
When no methylamine, ethylamine, or ethylenediamine is present, the reduction pro-
ceeds either very poorly or not at all.
Table III (49.)
Reduction of Aromatic Hydrocarbons by Lithium in Various Amines
Hydrocarbon Solvent 1° 1-alkylcyclohexene P 3- and. 4-alkylT-
cyclohexenes
Toluene
Toluene
Cumene
Cumene
Cumene
Cumene
Cumene
Cumene
Cumene
Cumene
t-butylbenzene
t-butylbenzene
t -tutylbenz ene
MeNH2
MeNH2-Me2NH (90/0
MeNH2
MeNH2-i-ErNH2 (50?)
MeNH2-mcrpn o1ine ' ( 75$
)
MeNH2-Me2NH (93$)
H2NCH2CH2NH2
H2NCH2CH2NH2-morpholine ( 67$)
EtNH2
EtNH2-Me2NH (S2$)
H2NCH2CH2NH2
H2NCli2CH2NH2-morpholine (66$>)
Etffii2-Me2NH (52$)
59 4;;.
82 18
46 54
65' 19
88 12
82 18
76 19
87 13
66
85 15
70 30
86 Ik
86 14
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In the most recent paper in this series, Benkeser, et al. (l) f compare the
results of Birch reductions of aromatic ' compounds using the sodium-liquid ammbnia-
ethanol sj^stem with the lithium-methylamine-isopropanol. system. Both s'ystems'' have
practical advantages and disadvantages.
, In the sodium-ammonia system, an excess of
metal may be employed without further reduction of the dihydro compounds, 1 and the
lower temperature used in liquid ammonia is also an advantage. In the lithium-amine
system, the higher-boiling amine is easier to handle than liquid ammonia, and the
concentration of [Li®e ] is greater than that of [Na efcJ in liquid ammonia ( 30) . But,
as can be seen from results, both procedures are quite similar when a controlled
lithium-amine system is used,
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FREE RADICAL- SOLVENT COMPLEXES
Reported by J. tf. Taylor toy 2Q} ^
Introduction.
--Radical reacuonc as a group have been assumed to be essentially
uninfluenced by the solvent system. The following examples, however, provide excep-
tions to this view. There have been cases where compensatory changes in activation
parameters have obscured what could be called a real solvent" effect on the rate ofdecomposition of certain- compounds (1,2). Changes in solvent polarity can aUe- Jrhc
predominant route of radical reactions if there is a competition between an ionic
and radical pathway or if there is appreciable charge separation in the transition
state (3). Product differences between reactions in the solvent and gas phase Liave
led to the postulation of solvent "cages" which constrain the radicals sufficiently
to promote recombination of radical fragments (4,5). More recently, however
, com-
plexes of electrophilic radicals with electron rich substrates have bf-en postulated
as intermediates in some reactions (6,7). it is the purpose of this seminar todemonstrate the intermediacy of both the pi- and the sigma -type complexes ^n 1'me
radical reactions and to show how the products of a radical reaction may be influencedby the operation of such complexes.
The_Radical
-Solvent Pi Complex. --The work of Russell on the photochlorination a?
^-dimethylbutane provides one of the clearer and better substantiated illustrations
of a radical-solvent complex (6,6). Although this work has previously l.P r,n rev-fewed
U;, the essentials of the proof are presented again to form a comparison with cas<»e
where -cnis type of complex may not be operative.
In the photochlorination of 2,3-dimethylbutane Russell showed that the reacti-
vity of the tertiary hydrogen was greater than that of the primary hydrogen when thedata were statistically corrected lor the number of hydrogens of each type. Using alarge excess of the hydrocarbon to eliminate polychlorinetion, hn found the product
rixture to consist of ktf> 2-chloro- 2,3-dimethylbutane and 5S# l-chloro-2,3-dimethyl-
butane. In 8 M benzene the yield c ' the 2-isomer increased to 8$$ and in 32 W carbendisulfide was greater than 95$. Tl i relative reactivity ratios of tertiary tc pri-
mary hydrogens, statistically corr< ted, for these three cases, are: 4.2, 49 and 225Russell ascribed this increase in preferential reaction to solvent stabilizator of
'
chlorine radical. There were, however, several alternate explanations which had tobe dispatched before radical stabilization by solvent could be selected as the pri-
mary operative process for the increased preference.
A process in which a solvent molecule reacts preferentially with one of the
alky! radicals (e. £. , the primary radical) to give up hydrogen" to this radical "rd
regenerate the hydrocarbon could explain the results. This would likely xead to the
formation of a chlorinated solvent molecule but in benzene ae the solvent, no chloro-
benaene was found. Further evidence to rule out this preferential reaction was
obtained by noting that the quantities of alkyl chloride and nydrogen chloride wae
in a 1:1 mole ratio. This ratio can be obtained only if each alkyl radical reacts to
form alkyl chloride without diversion of alkyl radicals by reaction with solvent.
The possibility of hydrogen migration to explain the increased selectivity was
eliminated by noting that in the photochlorination of 2-deutero-2-methylpropane in -.he
presence of isobutane the ratio of t-butyl to isobutyl chloride was, within experi-
mental error, the same as that o£ deuterium chloride to hydrogen chloride. Note that
rearrangement of the primary radical to the tertiary radical would change the r&\ ioby increasing the yield of t-butyl chloride.
When the photochlorination was conducted at 55° in 2,3-dimethylbutane containing
4.0 moles of added solvent, the yield of the 2-isome.r was multiplied by six and dividedby the yield of the 1-isomer to give the tertiary/primary relative reactivity ratios.
Some selected solvents from Russell's list (Ob) with their calculated ratios are- t-butylbenzene 24; benzene 14.6; chlorobenzene 10.2; dioxane 5.6; nitrobenzene 4.9- it-
butyl alcohol 4.8; cyclohexene 3-6; carbon tetrachloride 3.5;methyl acetate 3.3; and2,3-dimethyl butane (neat) 3.7. At 25°, however, t-butylbenzene gave a ratio of 35-
benzene, 20; chlorobenzene, 17.I; and the hydrocarbon (neat) gave a value of 4 2 '
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An examination of these data reveals the following relevancies. Arow.tic sol-
vents, in general, seem most consistent in their ability to alter the relative
reactivities. The magnitude of the effect is a function of the solvent concentration
and is inversely related to the reaction temperature. Finally , there is a lack of
correlation between solvent polarities and relative reactivities.
In the aromatic solvents relative reactivities appear to con-elate with the
electron density of the aromatic ring. These observations arc suggestive ci a coti-
plexing type interaction with the aromatic ring to make the chlorine radical lets
reactive. Complexes involving either the p_i-cloud of the aromatic nucleus or for-
mation of a si^ma bond are conceivable and may be pictorially represented as below:
Pi complex l^~jj *" CI"
Sigma complex
Brown and Brady have proposed a number of criteria for distinguising between
a £i and a sigma complex ( 10)
.
A plot of the log of relative reactivities in this
photochloronation reaction versus the log of relative basicities of aromatic nuclei,
as determined from the low temperature equilibrium constant of the pi complex between
aromatics and HC1, gives a straight line. A parallel correlation using the basicity of
aromatic rings as predicted by the Hammett cr meta constants (il) has ai*o loer. t'cunu
(ob). These correlations form strong arguments in support of a pi-ty^e con; >!•:.
between the aromatic nuclei and the chlorine radical. The fact th:.t r.j e.lorou-. r: en;-
was formed is suggestive that contributions from complexirg of a sigma ':..:? rre "rc:.n-
tively unimportant. Thus, the evidence presented for the increased select ivity i-
the photochlorination of 2,3-dimethylbutane is consistent with thu interaction of
aromatic solvents to form a p_i-type complex.
jfr_e_Itedical
-Solvent Sigma Complex.
--To provide a contrast :c the work -elated
to che p_i complex it will be interesting to compare the results- of a react .".en where
the radical
-solvent sigma complex has been postulated. In this section we will exa-
mine the evidence for this sigma complex in the decomposition of benzoyl peroxides
in aromatic solvents and attempt to show that the type of solvent complex in uhis
- system is not the same as in Russexx's case for chlorination.
The rate of decomposition of benzoyl peroxide in benzene has been shewn tc con-
sist of a primary first order term and a 3/2 order induced terr (12). i/ith Increasing
concentrations of peroxide the induced term becomes more important and. the rate
increases. Bartlett and Nozaki made use of this increase in overall rate with in-
creasing peroxide concentration to calculate a first order decomposition rate. Various
scavengers have been added to intercept the radicals ana thus prevent the induced
reaction. For example, with his graphical method Bartlett calculates at 80° n k xl.Os
of JO; Swain using styrene scavenger obtains k.} (13); Hammond using iodine
scavenger, 2.6 (14). The observed first order rate in benzene over the first t \rec
halflives is k.6 with solutions 0. 03 to 0.10 M in peroxide (12). We may write the
kinetic expression fitting this data in the following steps where (P) is the per-
oxide, (SH) is the solvent benzene and (R-) is either phenyl radical cr benzoyloxv
radical, which may lose C02 to give phenyl radical. The symbol ( S-
'
) is shown as
the chain carrier for the induced decomposition. Note that only termination step
(1) P -^ 2R.
(2) R- + SH
k3>- s-
(3) S- + P -^ RS + R .
Termination Steps Resulting Kinetic Expression
(10 2R- -ii±> P k2 V~kT^T4 P V2
(5) 2R- $-* non radical products kxP + k2 Vki/k 5 P 1 /2
(6) R- + S' —£>~ncn radical products (k A + kc)P
(7) 2S- ^ non radical products kx P + (k3 V kx /k7 ) P 3/2

*where k =
c
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kike +^i2k62 + 4k1k2k3k6
2k6
(7) fits the observed kinetics and gives the 3/2 order induced term.
The nature of (S- ) in benzene solvent as the chain carrier for this series of
kinetic steps has perhaps caused the greatest controversy. The suggestion that (S- )
is "free" phenyl radical derived from benzene by the abstraction of hydrogen was
rejected on several grounds. This reaction involves breaking a carbon-hydrogen bond
in the first step and making a carbon-carbon bond in the termination step. The
breaking should have too high an activation energy to be a part of a radical chain '
mechanism. When the decomposition is run in benzene-1-C14 solvent the resulting
biphenyl has exactly half the activity of the solvent (15). Only unsymmetrically
substituted biphenyls are found from the decomposition of substituted benzoyl per-
oxide in benzene. For example, with p,p' -dichlorobenzoyl peroxide the only diaryl
isolated by Pausacher was monochlorobiphenyl with no dichlorobiphenyl or unsuo-
stituted biphenyl (l6). Finally, the isotopic composition of benzene-benzenc-de
solvent remains unchanged for the decomposition of p,p' -dichlorobenzoyl peroxide (17)
•
(This same result was also obtained with tritiated benzene solvent for the decompo-
sition of benzoyl peroxide (l8).) Table I shows the results from the experiment
using deuterium labeling.
Table I
Isotopic Composition of Benzene -Benzene
-do Mixtures
A B CD
Benzene-do 48.1*2, .48.1*2 48.38, '48.34 48.39,48.34 48.06
3enzene-d5 1.35, 1-34 1.34, 1.35 1-34, 1.J2 1.315
Benzene-d6 50.23, 50.24 50.27, 50-31 50.27, 50.33 50-59
A Starting material.
B Starting material recovered from blank experiment simulating iso-
lation procedure.
C Recovered from the decomposition of p,p' -dichlorobenzoyl peroxide
decomposition.
D Calculated for reversible addition and product isotope effect of k^/k =1.25'.
These last results effectively rule out a mechanism involving C-H bond
breaking in the first step leading to product biphenyl since the isotopic composition
of the solvent remained unchanged. A calculated composition, shown as D in Table I„
assuming a biphenyl product isotope effect, k^/k , as low as 1.25 shows the data are
sufficiently precise to reflect this mechanism if it were operative.
If the phenyl radical were "free" in solution for any but a very brief interval
of time, some unsubstituted biphenyl would be found from termination by coupling in
the p,p' -dichlorobenzoyl peroxide experiment. Also, the carbon-l4 activity of the
biphenyl resulting from the decomposition of benzoyl peroxide in labeled benzene
should be less than one-half the activity of the solvent if any appreciable coupling
occurred by "free" phenyl radical derived from the peroxide. All these results sug-
gest quite strongly that the phenyl radical is not "free" but complexed in some way
with the aromatic solvent.
Two types of complexes might be proposed to explain these results. The complex
here may be a p_i complex similar to that for the chlorine radical and aromatic sol-
vents, or it may be a sigma complex. The same arguments advanced against the operation
of "free" phenyl radical in the final step leading to products can be applied to the
pi complex. Eli el, U6ing mass spectrometry, has shown that less than 1?> of the diaryl
fraction, contained biphenyl from the decomposition of p,p' -dichlorobenzoyl peroxide
(17)., This low yield may explain why other workers were unable to isolate it. This
finding gives a measure of the contribution by coupling of phenyl radical either as
a p_i complex or unComplexed to the overall mechanism of diaryl formation. The con-
tribution of phenyl radical as a p_i complex or uncomplexed reacting with the sigma
complex can be evaluated by noting that only very small yields of an expected pro-
duct, chlorobenzene, were found (17). Note that in Russell's case for the pJL
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complex, radical stabilization appeared to be the primary operative process whereasin this system hydrogen abstraction from the solvent is involved in obtaining biphenyl.
These arguments from the product viewpoint do not rule out the possible prior opera-
tion of a p_i complex in the mechanistic scheme. Very likely this does occur, but
evidence will be presented to show that the final step leading to product biphenyl
involves the sigma complex.
DeTar and Long have supplied strong evidence for the intermediacy of a sigr,a
complex, shown in one canonical form as structure I, by isolating froa a very dilute
peroxide solution an expected dimerization product, 1, 1
'
,h, k '
-tctrahydro-p-quarter-
phenyl, II (19). The concentration of peroxide was 0.025 M and was decomposed at
this concentration to minimize the induced decomposition. Special precautions were
taken to exclude oxygen during all stages of the reaction and subsequent isolation
seeps. Other compounds isolated included biphenyl, 1,4-dihydrobiphenyl, III, a snail
amount of 1,2-dihydrobiphenyl, IV, and carbon dioxide (19). DeTar gives as prelimi-
.=* /H
H /
III
x—
'iv —^
"YJ
e =tiraates the following product yields at infinite dilution as shown in Table
Table II
The Product Distribution from the Decomposition of Benzoyl Peroxide
in Benzene at Infinite Dilution
moles per mole C6H5 C02
Product of peroxide Groups Groups
CeH5C6H5 00^ 0.34
C6H5CGH7 (III and IV) 0.15 0.15
CqHsCOOH 0.08 O.CG 0.0&
C6H5C00C6H5 0.0i+ 0.08 0.04
(C6H5C6H6 ) 2(ll) 0.74 l.kb
C02 1,9 -_ 1,9
Total 2.13 2.0
With these product yields we may with some confidence write the following sequence
of steps to explain most of the products in the decomposition of benzoyl peroxide
in benzene. _ _
. ^ °%
, u y>0-C-O-O-C-p —> 20-CT • 20- + 2C02X
20' + 20H —»- 2 sigma complex
^
0-/ /
—
( /— dimerization
2 sigma complex
*
0_0 f 0-/ V^H
disproportionate
In writing these steps the benzoyloxy radical is shown as eliminating carbon
dioxide to give phenyl radical. This must not be the sole reaction of benzoyloxy
radical because both benzoic acid and phenyl benzoate appear in the product mixture.
Two possible explanations may be advanced at this time for these two products. They
may be products of the induced decomposition which was minimized and would explain
their low value and still would be consistent with the kinetic expression, or they may
arise from reactions with a complexed or uncomplexed benzoyloxy radical.
The termination step as written is one involving dimerization and disproportio-
nation. The latter involves the breaking of a carbon-hydrogen bond. If this
mechanism were correct, there should be an isotope effect which would be reflected
in the product biphenyl. Eliel has found such an isotope effect in the biphenyl
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product from decompositions at this dilution with benzene-1-D. the value k,./k =6.6
1 17). His apparent isotope effect, I.E., is calculated for a reaction .conforming
to the hypothetical equation: R- + 0H
—>-R0+- H- . With no preferential extrusion
of hydrogen, IchAd is 1 °°- He usc^ the formula below, where A is the atom $> deuterium
in the product, q is the total number of hydrogenated and/or deuterated positions in
the biphenyl (e. g_. for biphenyl q is 10 and for chlorobiphenyl q is 9) and r. is the
isotopic purity (in $) of the substrate:
iE- , An q-
500n - oOO Aq + Anq
Tlie term apparent isotope effect was used because preliminary data on more concen-
trated solutions obtained without taking special precautions to eliminate oxygen from
che mixture during the reaction and succeeding work up steps, showed values of an
isotope effect not much greater than one. It was subsequently found that br th oxygea
gen and excess peroxide oxidize the dihydrobiphenyl to biphenyl. Table III shows
the results of these experiments at 78°.
Tabic HI
Apparent Isotope Effect: in Free Radical Aromatic Substitution
at lQ° [: com Product Composition) _. , _. ,Product BiphenyjL
Entry Radical Moles PhD/moles Peroxide Benzene-1-D Aton$ D apparent I.E. (k A )
of peroxide cj ic.moles/l purity
1
U
C6H5 420:1 C0265 98.L 9J+9 6.0
2b CeH5 420:1 0.0265 98.2 9.10 2.6
3 C6Hb 42:1 O.265 93.7 7.8l 1.1
k p-Cll30CGH4 50:1 0.222 96.6 6.98 1.3
5 p-ClCGH4 50.1 0.222 98.5 9. GO 1.7
° p-02NC6H4 ^1:1 0.271 98.5 9-13 ,1.1
a Dihydrobiphenyl oxidation minimized by DeTar technique,
b No attempt made to avoid oxidation of dihydrobiphenyl.
One explanation for the lover values for the product biphenyl may be obtained
by observing what could happen to the dihydroderivative under conditions of oxida-
tion. In forming the dihydroderivative there would be a preferential transfer of
hydrogen from the sigma complex leaving the biphenyl richer in deuterium. Upon oxi-
dation of the dihydroderivative sufficient deuterium will be lost to the oxidizing
agent so that the total biphenyl is only slightly richer in deuterium. Since the
isotope effect is calculated on the degree of enrichment of the biphenyl, the isotope
effects are lower. This series of reactions may be depicted as below with path (a)
and (b) labeled major or minor due to monolabeling of deuterium in ring. This is
statistically corrected for in the formula in the calculation of the apparent iso-
tope effect. Path (c) and (d) are major and minor as the result of isotopic discri-
mination ( i. e.
, ktrAr) = -) • D
d
-*-
a -major
b -minor
—
>-
D D
h. /=K /r\ . H. /=a / l
+ P
=-_/ N H
+f\- D
H M. D __ /c-major W H/N=/ $
A=/ d-minor uM
-*H>*€K
Oxidation of the dihydro product from path (c) would reBult in biphenyl without label
and in an amount dependent on the degree of oxidation. The intermediate value of
knAp 2.6 may be explained in this fashion- Note that there is a second consequence
which must occur if this explanation is correct. There must be some 'biphenyl
-da
formed by the oxidation of the minor dihydroderivative product of path (d) . Eliel has
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found that the biphenyl product in mole $ from the decomposition of a 0.^ A benzoyl
pero;:ide solution in benzene-d of 93»7$ isotopic purity to consist of 2h.'y<~$ bi-
phenyl, 74.07$ biphenyl
-di, and 1 03$ biphenyl-d2 (17).
Now that more evidence for the existence of the signa complex has been giver we
nay consider the question of the pecies inducing the peroxide deccmpositii n. From
the kinetic expression it is se n bhat this species must terminate oy coupling. It
has been shown that in dilute as ,/ell as concentrated solutions diaryls arc farmed
and that the most probably mechanism for their formation is "ay disproportionatio">
c£ the sigma complex composed of the aryl radical from the peroxide and benzene sol-
vent. Benzoyloxy radical has been pictured as readily losing carbon dioxide to give
phenyl radical, but its lifetime may be increased by ccmplexing with the 'benzene sol-
vent. A plausible route for the formation of some of the observed benzoic a::'.d Ls
the disproportionation of the sigma complex and benzoyloxy radical (either complexed
or not complexed) . This termination step, however, is not one of the type' giving
the observed 3/2 order induced term. The contribution of the benzoyloxy radical
intermediate to the overall mechanism must therefore be relatively low in benzene
solvent. The only likely species left which has not been specifically excluded from
inducing the decomposition is the sigma complex. The attack of the sigma complex on
benzoyl peroxide then yields benzoic acid, biphenyl, and benzoyloxy radical (which
may proceed to lose carbon dioxide and generate phenyl radical) . The phenyl radical
then immediately reforms the sigma complex and the induced portion is shown to be
a chain process.
The Influence of Complexes on Products of a Radical React! on. --In the discussion
of the decomposition of benzoyl peroxide it was shown that evidence is available
demanding the formation of a complex for phenyl radical in benzene. A very recent
article by Williams showing a modification of the yields of diary! produces raaj con-
stitute the first report of such stabilization for benzoyloxy radical. The modifier,
m-dinitrobenzene, is almost quantitatively recovered from the product mixture and
does not appear in the products (2L).. Table IV presents the initial results of the
investigation. The decompositions are conducted at 7& .
Table IV
Modification of Diaryl Product Yields by m-dinitrobenzene in the Decomposition
of Peroxides in Aromatic Solvents
Solvent plus Moles/Kole of Peroxide
moles/liter High,/ II Tw.
Peroxide m-dinitrobenzene Diaryls Benzoic Acids .Products
Benzoyl3 benzene, none O.38 0.28 presen^
Benzoyl3 benzene, 015 0.84 0,94 decreased
Benzoyl3 fluorobenzene, none 0.48b d present
Benzoyl3 fluorobenzene, 0,030 0.,8oc 0-77 decreased
p-chlorobenzoyl^ benzene, none 0,47 0.40 present
p-chlorobenzoyl* benzene, 0.0297 0..90* 0-93 decrea-ed
a Benzoyl peroxide concentration was 0.124 moles per liter.
b The isomer distribution was 15.2$ para, 30.7$ meta, and 54.1$ ortho-
fluorobiphenyl.
c The isomer distribution was 13-6$ para, 32.6$ meta, and 52.6$ ortho-
fluorobiphenyl
.
d This yield was not reported.
e The p,p' -dichlorobenzoyl peroxide concentration was 0.0964 moles per liter.
f The product, is essentially only the para chlorobiphenyl
.
If it can be assumed that the reaction is still radical in nature and that ve are
not observing a competing ionic reaction with the added m-dinitrobenzene, the postu-
late of a sigma complex interaction of the benzoyloxy radical and m-dinitrobenzene
could explain the results. The m-dinitrobenzene might not be expected to form a pi
complex because of the electron deficiency of the aromatic ring. In Russell's
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photochlorir.ation experiments it was observed that nitrobenzene was one of the poorest
aromatic solvents used to increase the selectivity of the chlorine atom (Cb). The
lack of decarboxylation, however, of the bcnzoyloxy radical suggests complexing pro-
bably of the sigma type with m-dinitrobenzene. The loss of resonance stabilization
of the carboxyl group of benzoyloxy radical could be regained by resonance stabili-
zation through the oxygens of the nitro group upon formation of this sigma complex.
Attack on solvent benzene by the relatively indiscriminate aryl radical would also
yield a sigma complex and thus serve as the source of hydrogen for extraction by the
sigma benzoyloxy-m-dinitrobenzene complex. Elimination of benzoic acid from the
resulting quinonoid intermediate woi Id be expected to be rapid. Steric hindrance
would likely prevent abstraction cf hydrogen from the m-dinitrobenzene ring and also
explain why the m-dinitrobenzene may be recovered unchanged from its complex with ben-
zoyloxy radical. This explanation Uius provides for the increase in benzoic acid
yield and is consistent with the increase of diaryl yield at the expense of higher
molecular weight tars (probably containing dimerization products from the aryl-benzene
complex) .Upon bubbling oxygen through decomposing peroxide solutions in the absence
of modifier, the diaryl yield is increased^as noted earlier, bub the benzoic acid yield
remains- nearly constant (22). This fact also lends support to the idea that the
increase in yields is not a simple oxidation process here but one involving complexes.
Shis tentative scheme is presented below with only one of the several resonance struc-
tures which may be drawn for the benzoyloxy complex.
r s
II
Ar-C
NO2
t.
etc.
II
+ ArO ArO + C.
NO,-
Yw
\ + ,011
- I''/
ArC~n// +
OH
<--
rapid
A more detailed examination of the whole process will be necessary before this
postulate can be established. Kinetic data for this system are not yet available
but should aid in the detailed examination of the mechanism. With all the data pre-
sently available, however, the operation of a sigma complex not involving hydrogen
abstraction to give phenylated products is highly suggestive as the essential inter-
mediate leading to the increased yields of diaryls and benzoic acids for the peroxida
decompositions modified by the addition of m-dinitrobenzene.
Some recent work by Walling emphasizes the importance of steric hindrance fox-
radical solvent complexes and suggest the place to look for specific radical-solvent
interaction might be in the unimolecular reactions rather than in bimclecular pro-
cesses (23). In studying the effect of solvents on the beta scission reaction of the
alkoxyl radical generated from the photolysis of benzyldimethylcarbinyl hypochlorite,
he noted some very striking results in the presence of olefins. The predominant reac-
tion with added olefins appeared to be scission. The process may be diagrammed as
below for two solvents (RH) and (R'H) where k, is the rate of dissociation (scission)
of the alkoxy radical, k is the hydrogen abstraction rate in solvent RH, and k' is the
hydrogen abstraction rate in solvent R'H. The rates may be followed by observing the
changes in alcohol and ketone products, the disappearance of hydrocarbon or the
appearance of the chloride products. The equations below should make this clear. In
CH3
I
*
CH3
0-CH2-C-OCl
I
CH3
0CH2-C-OH + R«
CI-
> RC1
CH3
CII3-C-CH3 + 0CH2-
^ 0CH2-C-OH + R'.—
CI-
0CH2C1
CI'
R'Cl
CII-

[acetone] /[alcohol]
1. 28
>ko
>k0
>k0
20
27
1. 36
1 30
1. 28
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determining the effect of solvents by this method, the assumption is made that for a
particular hypochlorite the rate of scission remains essentially constant, and that
the ratio of products acetone/alcohol may measure the extent of hydrogen abstraction.
Table V shows some of the data from the photolysis of benzyldimethylcarbinyl hypo-
chlorite in solvent Freon 113 plus 1.55 mole cyclohexane modified by the addition of
the listed compounds.
Table V
The Effect of Modifiers on the Decomposition of Benzyldimethylcarbinyl
Hypochlorite ( 0. O56 M) in solvent C2F3C13 plus I.55 M cyclohexane at k0°
Modifier Concentration (M)
None
Cyclohexene 0. 055
Hexene-2 O.067
0ctene-l 0.055
Acrylonitrile 0.130
Methyl Acrylate 0. 091
Benzene 0. 097
Chlorobenzene 0. Ote
Nitrobenzene 0.082
A more detailed examination of his results shows that in the presence-! of as
Little as 3.6 mole 7> of cyclohexene as the olefin, for example, only cleavage pro-
ducts benzyl chloride and acetone were observed. No hydrocarbon was chlorinated.
With modifiers such as acrylonitrile and methyl acrylate, which have electron with-
drawing groups, traces of alcohol are found. These results indicate that there is '
an interaction with the olefin which may depend on basicity and the interactior. with
olefins is sufficient to effective.;
;
prevent hydrogen abstraction from either RK or
R'H. Aromatic solvents show relativ ly little effect although Russell has previously
reported a small correlation in the ase of t-butoxy radicals with the ring electro:
density of the aromatic solvents (2*1 .
The question which must be answc red if this interaction is the result of a pi_
complex is why olefins did not appear to influence the photochlorination reactions
by complexing and yet are postulated to exert their influence here. The low effect
of aromatics mu3t also be explained. In the photochlorination experiments the rela-
tive reactivity ratio for cyclohexene was only 3-6 compared to the hydrocarbon, 3-7«
The rate of chlorination was, however, greatly reduced and chlorination of the olefin
resulted. Russell suggested that a very stable p_i complex was operative 00 cut down
the rate and that the complex collapsed through a sigma complex to give chlorinption
of the olefin because of the highly electrophilic nature of the chlorine radical.
The alkoxyl radical here is not as energetic as the chlorine radical. Complexing of
the alkoxyl radical might sterically prevent hydrogen abstraction and the degree
would depend on the stability of the complex formed. Aromatics do show some effect
indicating a less stable complex. No such steric difficulty should arise with halogen
atom reactions since the "back side" of a complexed halogen atom is presumably still
available to attack a C-H bond.
These results are as yet preliminary and all control experiments have not yet
been performed but the data are consistent with the operation of a pj. complex with
the olefin and alkoxyl radical to sterically prevent hydrogen abstraction for the
solvent and thus appear to favor the beta scission reaction of the radical.
The presence of complexes in radical reactions have been demonstrated and have
been shown to drastically alter the products of the reaction. Progress is being made
from a careful analysis of kinetic and product data to understand how and in what
form these alterations from complexes may occur.
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THE POSSIBILITY OF 1,3 -HYDROGEN SHIFTS IN ACYCLIC CARBONIUM IONS,
CARBANIONS AM) FREE RADICALS
Reported by Davis W, Lamson
I.
May 23, 1963
Carbonium Ion Case
A. Introduction
The phenomenon of 1,2-hydride shifts in carbonium ion systems is well known (1) .
This occurrence ranges from hydride shift after the creation of a carbonium ion, as in
the reaction of isobutylamine (i) with nitrous acid, to anchimeric assistance by
hydrogen as observed in the case of neomenthyl tosylate (II) solvolysis.
CH3-CH~CH2-NH2
H°^°> CH3-CH-CH2
^
-N;
,CH;
i-Pr
CHr
.H2
CH3-C CHo
I
CH3
I
OTs
CH3-C-CH3
CH'-a
CH-*
i-Pr
^H i-Pr
-H"
(racemic)
Hydride shifts in bicyclic system are also commonly observed } the norbornyl
system (III) is a. -case of particular interest. A hydride shift from C-6 to C-2 has
been observed and was found to be more prominent under conditions of solvolysis than
those of deamination (2, 3) » When the norbornyl cation is formed by solvolysis, the
nucleophilicity of the solvent has a strong effect upon the amount of hydride shift
observed. This is interpreted as an indication that the shift occurs after initial
formation of the carbonium ion. The nature of the carbonium ion intermediate is still
under active consideration and the situation has been aptly termed "The Norbornyl Cation
Problem" (h)
.
-OBs
9
OBs
* HOAc
->
OAc OAc
HOAc
OAc
H
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The phenomenon of transannular hydride shifts in medium rings is veil known and
has recently been reviewed (5). The investigations were performed principally by Cope
and by Prelog and their co-workers. In the cyclodecane system (IV), for example, it
was demonstrated that the formation of a carbonium ion by solvolysis or by deamination
results not only in the 1,2-hydride shift, but also in shifts of higher order. Studies
performed on C14 labeled compounds and subsequent degradations to ascertain the distri-
bution of label appear to rule out the possibility of successive 1,2-hydride shifts
.
-OTs \^X^ -H
OTs
IV
(cis and trans )
label scrambled
More hydride shift occurs when the carbonium ion is formed under solvolysis conditions
than under deamination conditions. A rate study employing a partially deuterated com-
pound showed a lack of isotope effect. These observations indicate that the hydride
shift does not occur during the rate determining step and, consequently, the possibility
of anchimeric assistance by hydrogen is eliminated. The transannular hydride shifts
have generally been considered as a proximity effect caused by the puckering of medium
rings and were not thought to be necessarily observable in open-chain systems even
though slight transannular hydride shift has been observed in the cycloheptane and
cyclohexane systems
.
B. Isomerization
In view of the wide range of 1,2-hydride shifts, it is of interest that evidence
has been reported which indicates that carbonium ion intermediates in reactions of open-
chain alkyl systems also undergo 1,3-isomerization, though to only a limited extent.
CH3-CH2-C n.'c CH2-CH2-C H<
This isomerism might be considered to take place in a single stage by l,3~hydride shift
or by two 1,2-hydride migrations.
-*,# 1.2
CH3-CH2-C Hi ' ^
CH3-CH-C H3 1^
CH3-CH-C H3
2-CI3CH2-CH2-
We shall review the evidence which demonstrates the overall isomerization as well as
that which helps to elucidate the mechanism,,
The first significant experiment which demonstrated the isomerization was not
interpreted in that manner at the time. In 19.53 Roberts and Kalmann (6) reported an
investigation designed to demonstrate any tendency for the 1-propyl carbonium ion to
be converted to an "ethylene—alkonium ion" (V)
.
CH3-CH2-CH2 CH; :CH;
1-Aminopropane-l-C14 was treated with nitrous acid in a deamination reaction and yielded
2-propanol (^1$) and 1-propanol. This deamination reaction, known to furnish carbonium.
ion inter-mediates (7), had previously been shown to yield 1-propanol (Tf°) ? 2-propanol
(32$) and propylene (28$) (8) „ The 1-propanol product was degraded according to the
following scheme, where the figures refer to relative activities. The percentage of
rearrangement (the activity of the p-bromobenzenesulfonamide x 100 divided by the
activity of the p-toluidide) was 8.5 "t 1$.
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CH3-CH2-CH2-OH — > CH3-CH2-C02H ^> CO^fCH3 ~CH2-M2
7 / y i
3,5-dinitrobenzoate p_-toluidide BaC03 p_-bromobenzene-
139 " l42"fy 127±2 sulfonamide
12+1
A similar degradation carried out on authentic 1-propanol-l-C14 demonstrated a
lack of rearrangement during degradation* 'Hie amount of rearrangemer: : which occurred
was interpreted at the time as meaning that 17$ of the 1-propancl obtained from the
deamination reaction originated from an "ethylene-alkonium ion" (V) , assuming that the
radioactive label was held in the a-position of the ethylamine degradation product.
The possibility that the rearranged 1-propanol might arise from an "intermediate" such
as VI was mentioned, but thought to be unlikely
.
.CH2
CH2 $ CH2
VI
Recently, Reutov and Shatkina (9) repeated the work of Roberts and Halmann and
carried the degradation further to demonstrate that the ethylamine obtained previously
was labeled entirely in the methyl group, the |3 -position, rather than in the methylene
as previously supposed . It was further demonstrated by a similar scheme that the 2-
propanol resulting from the deamination reaction was labeled in the 1- and 3- positions
only„ The observed rearrangement (the activity of acetic acid x 100 divided by the
activity of propionic acid) was 8,0 "t o 8$ o
CH3~CH2-CH2-0H
KMn°4» CH3CH2C02H
K£Crg°7..> CH3C0;sH
10„9 »879
NaC03+C14H4 i?
aQt HN3
_i4H3-NH2
o„o ,877
These authors proposed the two mechanistic schemes, the 1,3-shift and successive 1,2-
shifts. No attempt was made to differentiate, but it was mentioned that previous work
(10) indicated that no 1-propanol was formed during deamination of 2-aminopropane,
Co Clarification of Mechanism
Karabatsos and Orzech (11) offered the first basis for distinguishing the two
types of shifts o Propionitrile~2,2-d2 was prepared by exchange with D2 using Ca(0D) 2
as base (12) The deuterated nitrile was found by n.m.r. to be 97
»
*?1° dideuterated
species and 2*5$ monodeuterated species „ Reduction with lithium aluminum deuteride
and treatment with perchloric acid yielded 97 -5$ l-propylammonium-l,l,2,2-d4 perchlorate
A sample of the amine salt was treated under deamination conditions. The propanols
were isolated according to the procedure of Roberts and Halmann in ^GA^o yield and were
separated by gas chromatography. The relative amounts were 30$ of 1-propanol and ^Ofo
of 2-propanoi, (No one has performed a complete product analysis as yet„ Each
research group has been interested only in certain products,)
CH3-CD2-Cd| H£° » CH3-CD2-CD2-0H VII
1
^ > CH2-CD2-CHD2 -2fi&> CHD2-CD2-CH2-OH Vl.IJ
12 "© 1? * HoO
CH3-CD-CD3 ^» CHsi-CHD-CDs^2^ CD3-CBD-CH2OH IX
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The presence of rearranged product VIII or IX should he easily detected in VII hy
proton n.m.r. since VIII should show a broad singlet or quintet around T = 6.6 p.p.m.
for a-hydrogens and no signal around 8.5 p. p.m. for p-hj'drogens. Cc nnound IX should
show a broad doublet (J~7A c.p.s.) or two triplets around 6.6 p.
around 8
.,5 p<p.m», the ratio of the 6.6 p. p.m. to the 8.5 p. p.m.
,p.m. and a multiplet
signal being 2.
(a) (b) (d) (c)
CH3-CH2~CH2-OH (ca. 7$ in CDCl^)
(13)
5.0 6. O 7. O 9. O lO. O
The l-propanol from deamination gave signals at 9»1^ p. p.m. (me'Iiyl), 6.58 p.p.m.
(a-hydrogens) and 5. hi p. p.m. (hydroxyl) . The 6.58 p.p.m. signal is a single broad
peak with a half-width of about 6 c.p.s. A weak signal (multiplet) appeared at 8.5
Pop 3 m„ with an integrated area corresponding to about 20$ of the area of the 6.58 p. p.m.,.
signal. Because of the interference of spinning sidebands from the methyl signal in
this area, the authors felt that the 20$ value was to be considered a maximum. The
20$ value of the 8.5 p.p.m. signal could be construed as indicative that the rearrange-
ment occurs 60$ by a 1,3 -shift and ^-0$ by successive 1,2-shifts. If this were the case,
the 6.58 p. p.m. signal would not have been unsplit. The authors believe that they
would have easily detected a 10$ rearrangement by successive 1,2-shifts from the 6.58
p. p.m. signal.
On the basis of the proton n.m.r. spectrum Karabatsos and Orzech concluded that
the rearrangement was mainly, if not exclusively, due to 1,3 -hydride shift ... they
placed the amount of VIII in VII at 11.8$. Corroborative evidence for the L,3 'Shift
was obtained from examination of the spectrum of the 2-propanol product. Successive
1,2-shifts should introduce hydrogen at C-2 of the 2-propanol. The amount of hydrogen
at C-2 was found to be only 1$, while the starting material had indicated 2.5$. It
was stated that in a control experiment deamination of 2-aminopropane gave no trace of
l-propanol (11, 16) . The recent work of Gold and Satchell (lk) demonstrates that under
extreme conditions of high acidity and high temperature 2-propanol isomerizes to 1-
propanol to the extent of 1$ in 2^ hours and 1.3$ in ^-8 hours. Even if this isomeriza-
tion does occur under deamination conditions, the amount appears to be email as
far as the present measurements of 1,3-isomerization are concerned.
D. Other Examples
Reutov and Shatkina (15) report that treatment of l-chloro-l-C14 -propane with
zinc chloride and cone hydrochloric acid at 50° for 100 hours results in 7»5$
rearrangement
.
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CH3-CH2-C
14H2 -C1
ZnC1
-'
HC1
» C14H3~CH2-CH2-C1
They point out that the presence of hydrochloric acid is necessary for isomerization and
that no isopropyl chloride is observed in the course of the reaction, while use of
aluminum chloride as catalyst results in rapid formation of i.;. ^propyl chloride. These
authors postulate that in the observed 1,3 -isomerization no fiee carbonium ion is formed,
but rather a complex which transfers a hydride ion,
Skell and co-workers (l6, 17) provide what may be considered as further evidence
of a 1,3 -hydride shift, However, the evidence is of somewhat different nature because
of the use of the "deoxideation" reaction as a means of generating carbonium ions. Since
this reaction is of rather late origin we shall review the evidence indicating that
this reaction furnishes carbonium ions as intermediates to products, Although a de-
tailed discussion of deoxideations has not yet been published, Skell and Starer (18, 19)
reported that the reaction of alcohols with bromoform in basic medium furnished carbon
monoxide and olefins as volatile products and in the case of most primary alcohols,
cyclopropanes were also observed , It was further demonstrated that cyclopropane forma-
tion was also characteristic of the deamination reaction, but not of solvolysis
reactions (19, 20) , The product ratios in the gaseous product fraction appear identical
in deamination and deoxideation and the usual 1,2-shifts occur with either method for
generation of carbonium ions, Skell and Starer (16, 18) proposed the following
mechanism. The loss of carbon monoxide should be a driving force for the production of
carbonium ions in the deoxideation reaction,,
R-0® + CBr2 > R-O-C-Br + Br
9
R-O-C-Br > R^ + CO + Br
G
Because of the observation that the same 9°1 ratio of cyclopropane to propylene
was formed from the deamination of 1-propylamine, deoxideation of 1-propanol and ther-
mal decomposition of 1-diazopropane, Skell and Starer (15) conducted an experiment to
demonstrate a possible carbene precursor for cyclopropane. The use of 1,1-dideuterio-
1-propanol in the deoxideation reaction and analysis of the resulting cyclopropane by
mass spectrometry revealed that 9^$ of the cyclopropane was dideuterated and 6$ was
monodeuterated , This indicated that CH.3-CH2-CD was not a major intermediate in cyclo-
propane formation. The small amount of monodeuterated material could be rationalized
by considering a carbene intermediate or a 1,3 -hydride shift with subsequent loss of D,
Skell and Starer favor the latter interpretation. If this is the case, then the total
yield of products resulting from 1,3 -hydride shift in the 1 -propyl system approaches
,CH2 CH2
« 1 *. 4> / \ S \ deuterio-
CH3-CH2-CDi>
sk^~ > CHD2-CH2-CH2 -> CH2 CHD + CH2 CD2 + propylene
Deoxideation of 2-methyl-1-butanol produces a series of olefins and cyclopropanes
in the C5H10 fraction (17; , 3-Methyl-l-butene is produced as 1„2$ of the fraction.
This is the only olefin which cannot be envisioned as the result of a simple 1,2-shift
of alkyl or hydrogen, Its formation could be the result of successive 1,2-shifts or
of a 1,3-hydride shift. Skell and Maxwell prefer the latter explanation.
A system in which a 1,3 -hydride shift might be expected, but was apparently not
observed is the deamination of 3-phenyl-l-propylamine (21;. The only products isolated
were hydrocinnamyl alcohol, benzylmethylcarbinol, allylbenzene and small amounts of
organic nitrites and nitro compounds. The presence of other isomeric phenylpropanols
and phenylpropenes was ruled out at the time by comparison of infrared spectra with
those of authentic samples of possible contaminants,, Though the work appears carefully
performed, it is not possible to say what gas chromatography might have revealed. It
is certain that this tool could be of use in detecting 1,3-shifts in the future.
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OH
HpO
CH2-CH2-CH2-NH2 j~^ ^^CH2-CH2.-CH2-OH + (^-^CHs-CH-CHs
CH2-CH=CH2 + N ^
Eo Transition State
Considering the meager amount of data available and the small amount of resultant
product, it is premature to attempt seriously to describe the transition state of the
apparent 1,3 -hydride shift „ Nevertheless, certain possibilities appear to be ruled out
on the basis of extant data. The system D2S04 and cyclopropane results in deuterated
cyclopropane, produced with concurrent solvolysis of cyclopropane (22) „ The possibility
of a symmetrically protonated cyclopropane (X) being responsible for observed 1,3-
isomerization has been considered, but is eliminated by the work of Karabatsos and
Orzech (11) and by the observation of Reutov and Shatkina that no C14 appeared in the
2-position of either propanol product (9) » The same observation eliminates the possible
formation of "ethylene -alkoniurn ion" (V), The transition state most favored at
present is the ^-membered structure VI $ its recommendations are its simplicity and
its agreement with the data,
CH2/ \ <BCH2 H CH3-CH2~ChS ^^CH2 CH2 ^=± CH2-CH2-CH3
CH2 —CH2 \n jj-
X VI
Since it has been shown that deamination of 1 -propylamine gives rise to four products,
1-propanol, 2-propanol, cyclopropane and propylene, the interrelation of the products
will obviously be of interest ana have a bearing upon the l,3-isomerization„
II o Carbanion Case
A preliminary investigation of the behavior of carbanions in medium rings indicates
that a very limited amount of hydrogen shift occurs (23.) = Whether this is 1,2-shift or
higher order was not determined. The only investigation concerning the possibility of
1,3 -hydrogen shifts in open-chain alkyl systems is that communicated by Reutov and
Shatkina without experimental data (9) ° The formation of n -propyls odium from n-propyl
-
a-C14 chloride and subsequent carbcnation yields butyric acid which is labeled only
in the a-position,. Thus, no shift is indicated,
CH3-CH2-C
14H2-C1 —> CH3~CK2-C
14H2Na ^^ Cfi3-CH2-C
14H2~C02H
Aside from the lack of experimental detail, the obvious factors of importance are the
lack of a free carbanion comparable to the free carbonium ion in the previous discussion.
and especially the finding that most sodium alkyls are insoluble in organic solvents (2%
III, Free Radical Case
Although isomerization of alkyl radicals in the gas phase has been observed for
several years and elucidation of these rearrangements is still an active area of
research (25), there has been but one authenticated report of a hydrogen shift in an
acyclic alkyl free radical in solution c. Reutov and Shatkina (26) observed 1,3-
isomerization in alkyl free radicals while studying the decomposition of butyryl-a-
C14 peroxide (XI) in refluxing carbon tetrachloride.
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CH3-CH2-C H2 «^ —— CH2-CH2~C H3
CH3~CH2-CH2-C1 + C02 + CCI3-CCI3(CH3-CH2-C14H2-COO) 2 + CCI4 —
XI
The position of the C14 atom in 1-chloropropane was established by hydrolysis of the
latter to 1-propanol followed by degradation according to the same procedures employed
in the investigation of 1,3-isomerization in carbonium ions. Experiments were carried
out which demonstrated the initial positi on of the label and a lack of rearrangement
during degradation. The activity measurements on the degradation products indicated
that h "t 0*5$ of the 1-propyl radical undergoes 1,3-isomerization as depicted above,
Labeling was detected only in the 1- and 3- positions.
Kharasc'h and co-workers (27) studied the decomposition of butyryl peroxide (XII)
and isobutyryl peroxide (XIIX) in carbon tetrachloride. No 2-chloropropane was isolated
in the first case and no 1-chloropropane in the second case, however
,
gas chromato-
graphy was not employed
.
XII ( CH3-CH2-CH2-COO) 2 CH3-CH2-CH2-Ci
XIII CH, -CH-COO
CH^
CCL
CH3«~CH-C1
I
CH3
On the basis of Kharasch's results, Reutov and Shatkina considered a two stage
migration of hydrogen atom from the a-position as an unlikely explanation for the 1,3-
isomerization. Also in accord with experimental data, the non-classical radical XIV
could not have been formed since this would result in equal distribution of C * among
the three positions of the 1-propyl radical. The most reasonable assumption appears
to be that of the 4-membered cyclic transition state XV
„
,CH2 H
,CE:
CH2———CH2
XIV
CH-
\
C14H;
/CH2/ \
CH2 O ,CH2
V
XV
,CH;
CH; c14n
In contrast to this observation of l,3->isomerization of the 1-propyl radical in
solution, it is interesting that De Tar (2&, 2?) did not detect any isomerization of
the 5-phenylbutyl radical (XVI) in the products obtained from 5 -phenylvaleryl peroxide
in carbon tetrachloride and benzene. Here again, gas chromatography was not employed.
CH2-CH2-CH2~CH2-COO -> COp + CH2-CH2-CH2 -~CH2
XVI
products
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